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Abstract
Actual contact between two real mating surfaces happens only at discrete points and so 
the real contact area is significantly less than the apparent contact area. This leads to a 
constriction of heat flow through the larger length-scales (out-of-form and waviness), and 
then a further constriction through the smaller length-scale (surface roughness). 
Constriction of heat flow leads to a temperature drop across the interface known as the 
Thermal Contact Conductance (TCC). It has been shown that the existing models and 
experimental work are limited only to some specific applications. Prior to this study, very 
limited work has been carried out to understand the effect of TCC on gas turbine 
applications. The objective of this work is to carry out experimental work and numerical 
modelling that will add to the volume of work in this field and also will help to increase 
the understanding about contact conductance in gas turbine technology.
Prior to this study no work has been published on the characterisation of the topography 
of mechanically contacting gas turbine components. In this study the surface topography 
of a turbine casing from a current Rolls-Royce engine was examined. Manufacturing 
techniques that produce surface patterns that typify the surface topography applicable to 
turbomachinery were used to prepare the samples. Performing Fourier analysis on the 
engine component revealed that the two dominant length-scales applicable to such 
surfaces are the medium frequency (waviness) and the large frequency (surface 
roughness) length-scales.
A split-tube technique experimental methodology with in-line washers forming multiple 
interfaces was used to perform various TCC test cases. A parametric study of TCC is 
performed to verify the effects of the different length-scales of surface topography. The 
study also aims to understand the effect on TCC of other parameters such as contact 
pressure, material and operational history that are relevant in gas turbine technology. It 
was shown that the large scale, repeatable surface deviations played a primary role in the 
interface contact heat transfer.
IV
For accurate prediction of TCC it is vital to accurately simulate the surface topographies. 
Previous studies fail to accurately characterise machined surfaces. In this study, a Fast 
Fourier Transformation (FFT) and Inverse Fast Fourier Transformation (IFFT) algorithm 
were used to perform Fourier analysis on machined surface. The methodology developed 
has shown that any machined surface could be accurately modelled as long as the 
manufacturing parameters such as the feed rate and cutting tool geometries are known. 
As a result the surface topography of any machined gas turbine component could be 
accurately modelled based on this methodology.
Using this idealised surface model the thermo-mechanical contact problem for machined 
interfaces were investigated using finite element techniques. It was shown that gap 
conductance plays a crucial role in accurate prediction of TCC for gas turbine 
applications. It was shown that with the combined effect of the numerical surface 
modelling along with the finite element modelling technique, it was possible to estimate 
the TCC of various mating gas turbine components.
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Chapter 1
Introduction
1.1, General
When heat flows across the interface between two contacting bodies, a temperature 
discontinuity occurs at the interface. Thermal contact conductance (TCC) is the 
parameter that characterises the conductive heat flow across such contacting interfaces. 
The conduction of heat across such interfaces is still not completely understood.
Knowledge of TCC is important in understanding which components experience thermal 
stresses due to non-uniform heat flow. It is also beneficial in improving the efficiency of 
heating or cooling a device via heat flow and thereby improving the reliability and 
prolonging the component life. The application of contact conductance extends across a 
variety of fields such as the automotive, microelectronics, metalworking and gas turbine 
industries. Due to the high demand for various portable electronic gadgets, companies are 
investing huge resources to reduce the size of microchips. As they have a high power 
requirement a large amount of heat is generated which is transferred to the external 
surface through contact conductance. One of the applications in gas turbine technology is 
in predicting accurate variation across the compressor/turbine casings that are 
mechanically in contact. This helps in accurate prediction of rotor/stator tip clearances 
during different operating conditions. While in the case of gas turbine combustors there is 
a thermal load limit to which the high temperature alloys should be exposed. To improve
1
the efficiency of the combustors, ceramic shields are used for greater thermal load 
protection. For optimising the combustor design it is critical to understand the overall 
heat transfer. One of the unknown factors in understanding this overall heat transfer is the 
contact conductance (Facchini, et al., 2012).
Various heat transport processes are involved in the heat flow across an interface; i) 
solid-to-solid conduction between the contacting materials; ii) thermal radiation across 
the gap; and iii) gaseous or molecular heat transfer. Typically thermal radiation accounts 
for less than 2% of the total heat transfer below 600 K (Madhusudana, 2000). The 
experimental part of this project considers contact conductance in air at temperatures 
below 600 K and hence the effect of radiation can be ignored. The thermal conductivity 
of air is approximately two orders of magnitude lower than the thermal conductivity of 
the metals under study. As a result the dominating mode of heat transfer is the contact 
conductance between the contacting asperities.
A real engineering component is never perfectly flat. A surface profile consists of surface 
roughness, waviness and out-of-flatness as shown in Figure 1.1.
R oughness w idth
R oughness height
W aviness heigh t
- Roughness profile
■AAA * Waviness profile
Figure 1.1 Typical surface profile of an engineering surface
Due to the presence of surface roughness, contact occurs only at micro contacts. 
Typically this contact is only a very small fraction of the apparent contact area 
(Greenwood, 1966). As a result for contact between non-conforming surfaces, the heat 
flow is initially constricted at a macro level, followed by further constriction at the micro 
level contacts, as shown in Figure 1.2. This coupled constriction leads to a temperature 
drop across the interface, called thermal contact resistance.
 l F _ _ _
temperature profile r'-— 1 .
i \  \ : T  : ; ■' ; ,  '
q =Eq
T I I t  I I I I » T f t
■ ' ■ ' L  ' J  o ' -jbody_2_.- 
macro constrictionmicrocontacts 
constriction resistance resistance
Figure 1.2 Constriction of heat flow through a non-conforming contact
(Bahrami, 2004)
Thermal contact resistance is a function of the contact area. The surface topography, 
contact pressure and the properties of the contacting materials play a significant role in 
determining the contact area. Under high contact pressures the contacting asperities tend 
to deform thereby increasing the contact area. When contact happens between two 
dissimilar materials, the asperities of the harder material are likely to penetrate the 
surface of a softer material. Thermal properties of the material also play a crucial role in
the heat transfer. Interfaces with higher thermal conductivity tend to have lower interface 
resistance.
1.2. Thermal contact conductance
The overall heat resistance across an interface is the sum of all the modes of heat transfer, 
as shown in Equation 1.1.
IR =  IRgas + IRrad + TCR Equation 1.1
Where IRgas is the interface resistance due to gap conductance, IRrad is interface 
resistance due to radiation and TCR is the Thermal Contact Resistance. Thermal contact 
resistance is defined by the ratio of temperature drop (AT) across the interface to the heat 
flux (Q/Aa) normal to the interface, as shown in Equation 1.2.
TCR =  ^  Equation 1.2Q ?
In the above equation Aa is the nominal contact area, Q  is the heat flow normal to the 
interface and q is the axial heat flux. Thermal contact conductance is defined as the 
reciprocal of the thermal contact resistance as shown in Equation 1.3.
TCC = ^  Equation 1.3
1.3. Thermal contact conductance and its 
relevance in gas turbine applications
A gas turbine engine is essentially a heat engine using air as a working fluid to provide 
thrust. They use stored chemical energy in the form of fuel and convert it to some useful
4
form of energy, such as the mechanical energy to drive the shaft or kinetic energy of the 
jet. Gas turbines are widely used in various industries due to their high power output for a 
given size and weight. They are widely used in jet propulsion engines. A recent aircraft 
engine from Rolls-Royce that belongs to the turbofan Trent series, Trent 900 is shown in 
Figure 1.3
IP turbine
W '.'o
HP turbine"’
LP turbine
LP compressor IP compressor HP compressor
Figure 1.3 Cross-sectional view of the Rolls-Royce Trent 900 engine (courtesy of
Rolls-Royce pic)
The mechanical arrangement of the gas turbine can be split into three main components: 
compressor, turbine and combustion chamber. In the latest Rolls-Royce engines, the 
compressors are further split into three different components, a single stage Low Pressure 
compressor (LP), multiple stages of Intermediate Pressure compressor (IP) and multiple
5
stages of High Pressure compressor (HP). A typical triple spool compressor is shown in 
Figure 1.4. This holds true for the turbines as well.
»P COMPRESSOR
HP COMPRESSOR
/  COMBUSTION CASE 
MOUNTING FLANGE
IP  SHAFT DRIVE 
FROM TURBINE
L P SHAFT DRIVE 
FROM TURBINE
H P DRIVE FROM TURBINE
L P COMM ESSOR
Figure 1.4 Cross-sectional view of a typical triple spool compressor
(Rolls-Royce, 1986)
In all these different components there are a large number of mechanically contacting 
parts. One such mechanically contacting component is the casing of the different sets of 
compressors. The compressor casing for the IP and the HP regions are mechanically in 
contact. The HP compressor casing is connected to the combustion casing, the mounting 
region of it is shown in the Figure 1.4. These components are exposed to high thermal 
and mechanical loads and it is critical to understand the heat transmitted through these 
components. The tolerance between these casings and the blades is critical for the 
engine’s efficiency. Proper management of the heat across these casings is critical in 
maintaining the optimum the clearances between the casing and the inner components
such as the stator vanes and rotor blades. Thermal contact conductance plays a crucial 
role in the management of heat across these mechanically attached components.
1.4. Problem statement
There are three main factors that affect the interface contact conductance, i) geometrical, 
ii) mechanical and iii) thermal. To describe the interface contact conductance all three 
factors should be coupled as shown in Figure 1.5. As mentioned earlier the surface 
geometry of a typical engineering component measured using contact or non-contact 
techniques, is the sum of contributions of differing length-scales [ (Raja, et ah, 2002), 
(Boryczko, 2010)]. These contributions each have a characteristic wavelength and the 
following three can be usefully identified:
1. Surfaee form (long wavelength component),
2. Waviness (medium wavelength component), and
3. Roughness (short wavelength component).
Each of these length-scales is shown in Figure 1.1. The mechanical factors that affect 
TCC are the contact pressures, operational history and the mechanical properties of the 
contacting materials. Finally the thermal factors are the material thermal properties and 
the different modes of heat transfer.
Thermal Contact Conductance
S'
/ GeoinetryX
Figure 1.5 Factors that affect TCC
As shown earlier, TCC is a key parameter which needs to be measured for optimised heat 
management of gas turbines. The components that are mechanically in contact are 
exposed to high mechanical loads. There is very limited experimental data available in 
the literature that examines the variation of TCC as a function of contact pressure of the 
magnitude that are applicable to turbomachinery.
In aero engines the materials used vary depending on the application temperature. The 
rotor blades and stator vanes of LP and IP compressors are mainly manufactured out of 
medium temperature lightweight titanium alloys. In some engines the rotor blades and 
stator vanes of the initial stages of the HP compressors, where the temperatures do not 
reach more than 600°C, are also manufactured using such titanium alloys. While from the 
later stages of the HP compressors onwards to the end of the turbine components the 
materials used must be able to withstand high temperatures of upto 1100°C. As a result 
these components are usually manufactured out of high heat resistance refractory alloys 
such as nickel superalloys. There is very limited experimental TCC data available for 
such materials.
The majority of experimental studies [see for example (Bahrami, et al., 2004), (Chen, 
2002)] tends to emphasise only the effect of conforming geometries on TCC. The same is 
true of the traditional theoretical models [see for example (Cooper,Mikic, & Yovanovich, 
1969), (Yovanovich, 1982), (Greenwood & Williamson, 1966)], where they neglect the 
effect of the higher wavelength components of surface geometry on TCC. There is no 
published data available that gives an insight into the surface geometry of an engine 
component. So it is critical to have a better understanding of the typical surface textures 
of engine components and how TCC behaves for such topographies.
1.5. Objectives and overview
• Existing experimental and theoretical models used to predict TCC are reviewed in 
Chapter 2. It is understood that the existing work is applicable only to limited
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cases, mainly for microelectronic applications. One of the primary objectives of 
this work is to improve the understanding of TCC for gas turbine applications. For 
this, better understanding of the behaviour of TCC as a function of various 
parameters such as surface geometries, operational history and contact pressures 
that are applicable to turbomachinery is essential.
Prior to this study there was no published work characterising the surface 
topographies of real engine components. Correlations available in the literature 
for prediction of TCC are dependent on the length-scales of surface geometries. 
As a result it is critical to characterise the surface textures of typical engine 
components.
There is very limited understanding of the challenges that exist in the interfacial 
heat transfer of gas turbine materials. Therefore the specimens that will be used to 
study TCC should be made out of gas turbine materials and should also replicate 
the surface textures seen in gas turbine materials. This study aims to increase the 
volume of experimental work available in this field.
In order to accurately predict the trends observed in the test data it was vital to 
understand the accuracy of the test methodology. Reviewing the literature studies, 
revealed that there is very limited use of error analysis for assessing the accuracy 
of TCC data. As a result a thorough understanding of the limitations of the test 
set-up used in this study and also the ones available in literature needed to be 
carried out.
With better understanding of TCC of gas turbine materials, it is vital to develop a 
model to predict it. As explained the traditional theoretical models tend to 
concentrate only on one aspect of surface geometry. The effect of waviness is 
usually neglected. A TCC model needs to be developed that takes into account the 
characteristic wavelengths that are typical for an engine component.
• For accurate prediction of TCC it is vital to characterise the surface geometry 
precisely. The few models that account for different length-scales tend to simplify 
the geometry of the waviness. Such simplification may not be appropriate to 
turbomachinery components. As a result a new methodology needs to be 
developed that accurately models the topography of real components. The 
methodology developed should be extendable to various machined geometries 
that typify real engine components.
In chapter 2 the current state-of-the-art experimental and theoretical models to determine 
thermal contact conductance will be discussed. It also examines the strengths and 
weaknesses of the current methodologies to characterise surface geometries. It will also 
give an insight into the different deformation theories developed to predict thermal 
contact conductance. It concludes by summarising the various finite element models used 
to predict thermal contact conductance along with their limitations.
Chapter 3 summarises the experimental equipment and the methodology used for this 
study. This includes the description of the contact based methodology to characterise 
surface geometries. The chapter briefly summarises the equipment developed by 
Woodland, (2009) to measure TCC. The data processing technique developed that 
incorporates material properties as a function of temperature to calculate TCC is also 
summarised. An uncertainty analysis was also developed and is summarised in this 
chapter.
Chapter 4 reviews all the experimental results obtained in the present study. It begins by 
giving a detailed understanding of the various conforming and non-conforming 
geometries that are examined in this study. The similarity between the surface geometries 
of the specimens and actual real engine components is also discussed. The strengths of 
the data processing technique and the uncertainty analysis developed are also examined. 
The parametric study of TCC for three different gas turbine materials, PE 16, 316SS and 
T1-6A1-4V by studying the effect on TCC caused by contact pressures, surface roughness, 
different length-scale of surface geometries, surface waviness, hysteresis and finally the
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operational history. The chapter concludes by explaining the strengths and limitations of 
the traditional non-dimensionalising technique recommended by Woodland (Woodland, 
2009).
Chapter 5 examines the importance of Fourier analysis in revealing the characteristics of 
surface that are not usually captured by the traditional methodologies. Using an efficient 
algorithm known as Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform 
(IFFT) an idealised model is developed that captures the waviness aspect of the surface 
geometry accurately. The method to incorporate this idealised model into a finite element 
package to study the thermo-mechanical behaviour of contacting interface is also 
explained. The validation of the simplified FE model for various non-conforming 
interfaces with the experimental data is summarised.
Conclusions from this research and future recommendations for further work are 
presented in chapter 6.
The list o f publications for this research project is mentioned below.
• “Finite element analysis as a tool for calculating thermal contact conductance 
for a machined surface” ASME summer heat transfer conference, Puerto Rico, 
2013.
• “Thermal contact conductance and its dependence on load cycling” Accepted 
at the International Journal of Heat and Mass transfer, 2013.
• “Experimental validation of finite element modelling for prediction of 
thermal contact conductance for gas turbine application” To be published at 
the International Journal of Heat and Mass transfer.
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Chapter 2
Literature Review
2.1. Introduction
There are numerous analytical, experimental and numerical models to determine thermal 
contact conductance. Intensive research work has been carried out in this field since the 
early 1960s, showing the importance of this topic in various fields. The core work has 
been carried out in the field of microelectronics and this has been summarised in the 
review paper by Yovanovich, (2005). This suggests that most of the experimental work 
and other models used to predict TCC might not completely be applicable to 
turbomachinery application. The variety and volume of work on TCC indicates the 
complexity of measuring and modelling TCC.
This chapter reviews the current state-of-the-art methods used to characterise surface 
geometries. It also examines the various modelling techniques that are used to model 
surface topographies, which could be used for the theoretical prediction of TCC. The 
contemporary modelling techniques used for modelling conforming and non-conforming 
surfaces are also summarised here.
The most common experimental methodologies to determine TCC are also summarised 
in this chapter. The comparison of different experimental methodologies provides a basis 
for choosing the technique adopted for this research study. Some key previous studies on
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the experimental investigations on various parameters and their effect on TCC are 
summarised. This review provides the basis for identifying some of the weaknesses and 
limits of past work.
The finite element techniques to predict TCC used by various researchers are also 
discussed in this chapter. This gives a better insight into the advantages of using such a 
technique over the traditional way to predict TCC.
2.2. Surface Characterisation
2.2.1. Introduction
The imperfect contact between two surfaces, which typifies that found in many 
engineering contexts, causes constriction of heat flux through contact spots as shown in 
Figure 1.2. This is because contact spots have a much greater thermal conductivity than 
the gas occupying the surrounding gap. This role of contact spots emphasises the 
importance of understanding surface topography in predicting TCC. As explained in the 
previous chapter, a typical engineering component is a combination of characteristic 
wavelengths such as the surface form, waviness and roughness summed together (see 
Figure 1.1). This is also applicable to the surface topography of an engine component. 
For gas turbine applications it is vital to understand the effect of mating different surface 
topographies on TCC. There is very limited volume of experimental work available in the 
literature dealing with the contribution of different length-scales at the same time.
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2.2.2. Generation and modelling of conforming 
rough surfaces
A first step towards accurate modelling of TCC is the mathematical description of 
engineering surfaces. Usually, in the case of conforming surfaces, the geometry is 
described based on few parameters such as the standard deviation of the asperity height 
distribution, cr, mean asperity slope, m, and the radius of curvature of the asperities. With 
the advancement in computational techniques the potential for generating both 2D and 
3D rough surface has increased. There are various ways to render an accurate description 
of the surface topography. Generation of surfaces based on statistical parameters, fractal 
mechanics theory, Fourier analysis and using various measurement techniques are 
examples of techniques which can generate a 2D and 3D image of a surface geometry. 
According to a review paper published Liu & Wang (1999) there are five types of 
instrument for characterising the surface topography. For macro and micro digitisation of 
surfaces, stylus type surface profilometer and optical (white light interference) 
measurement techniques are used. To characterise micro to nanometric surface 
geometries. Scanning Electron Microscope (SEM), Atomic Force Microscope (AFM) and 
Scanning Tunnelling Microscope (STM) are predominantly used.
Characterisation of surfaces using Measurement Techniques
Due to the simplicity and its capability of measuring wide range of surfaces applicable to 
variety of engineering fields, the most predominantly used technique to capture the 
surface geometry is a surface profilometer. A stylus profiler draws a stylus across the 
length of the sample at a constant velocity to obtain the height variation. Apart from the 
2D and 3D images, various roughness parameters are also readily obtainable using a 
surface profiler. A straight line from which the mean square deviation is minimum is 
taken as the datum line. The arithmetic average deviation from the mean line is
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considered as the average roughness, Ra, as shown in Figure 2.1 and is defined by 
Equation 2.1.
I
I
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Scan length (|im)
Figure 2.1 Pictorial representation of arithmetic average deviation.
X=L
j  \ y ( . x ) \ d x
Equation 2.1
x = 0
Where y  is the height of the surface profile and L is the sampling length. The typical 
models available in literature correlate TCC based on the standard deviation of the 
asperity height distribution. The distribution of the surface asperity height is assumed to 
be Gaussian as shown in Equation 2.2:
/(y) =
' \ / 2 I l 0 ’sci
exp -0 .5
f ^sd J
Equation 2.2
where is the standard deviation of the asperity height for a Gaussian surface as shown 
in Figure 2.2 and is represented as shown in Equation 2.3:
Rq = (T =
x=L Equation 2.3
dx
x = o
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Figure 2.2 Pictorial representation of standard deviation of asperity height
distribution.
According to Sunil & Ramamurthi (2003) the standard deviation of asperity height can be 
related to the arithmetic mean based on Equation 2.4.
R^ = 4a = 4Rq Equation 2.4
Another commonly used parameter is the mean asperity slope. It can be described from 
the profile trace as:
X = L
m
x = 0
dy(x)
dx
dx
Equation 2.5
Tanner & Fahoum (1976), Antonetti, et al. (1991) and Lambert & Fletcher (1997) 
developed an empirical correlation that relates the rms surface roughness to the mean 
asperity slope. These correlations were adequately summarised and compared with the 
experimental results by Bahrami, et al. (2006). They concluded that the developed 
correlations were relatively weak and its use is justifiable only for a very rough 
approximation of the asperity slope. These conventional parameters, Rq and m, are widely 
used in literature for modelling of TCC.
It is assumed that if the surface deviation is Gaussian, then the slope of the asperities are 
also Gaussian in distribution. The slope is assumed to be proportional to the difference 
between the adjacent equispaced ordinates. The typical way of characterising contact
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between Gaussian rough surfaces is by simplifying the contact to a single Gaussian 
surface having an effective (sum) surface geometry placed in contact with a flat smooth 
surface. Many researchers such as (Cooper, et al. (1969), Clausing & Chao (1965), 
Yovanovich (1982) use this idealised approach to develop a theoretical prediction of 
TCC. According to Francis (1977), modelling based on effective surface characteristics 
reduces the complexity introdueed by misalignment of asperities. The effective surface 
roughness and slope are represented as:
a  =  0-2 + ( j2 Equation 2.6
m  =  +  ml Equation 2.7
Where and a2 are the RMS surface roughness and mi and m2 are the mean absolute 
asperity slope of the two surface in contact. Having studied the experimental technique to 
describe surface textures, techniques based on fractal theory and statistical parameters 
will be examined next.
Description of surfaces based on Fractal theory and statistical parameters
Various studies have been carried out to generate rough conforming surfaces based on 
statistical parameters. Tomimura, et al. (2000) conducted a computer simulation of TCC, 
based on a 2D surface model that consists of gaps modelled using random number 
generation and a roughness configuration modelled by the dividing the Abbots bearing 
area curve (describes the surface texture of an object) into several segments. Based on the 
computerised surface configuration and the physical properties a new method to predict 
TCC of conforming rough surfaces was proposed by this study. Patir (1978) developed a 
numerical method to generate a 3D rough surface. The proposed numerical method 
follows a Gaussian distribution of asperity heights, as shown in Equation 2.2, along with 
a given autocorrelation function that is correlated to RMS surface roughness. This work 
was then further developed by Bakolas (2003) to account for non-Gaussian surfaces. The
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limitation of the above techniques of generating surface geometries was that they are 
scale dependent and are heavily limited by the resolution of the measuring instrument.
Advancements in the theory of fractal geometry have seen an inerease in modelling of 
rough surfaces based on this methodology. Majumdar & Tien (1991) were among the 
first to apply the concept of fractal theory for characterising surface roughness. The 
methodology quantifies the surface geometry based on self-similarity of rough surfaces 
with scale invariant fractal parameters. According to this work, a rough surface can be 
characterised based on parameters that define the density of the frequency distribution 
across the surface profile, known as fractal dimension, D, and a parameter that controls 
the variation in amplitude at various frequencies, known as fractal roughness, G. The 
study also concludes that the conventional parameters used to define a surfaee, such as 
the rms surface roughness and the mean asperity slope, are not unique for a surface. 
Instead, it is suggested, that they depend on the resolution of the measurement instrument 
and on the measuring length-scales, unlike the parameters used by the fractal geometry 
theory. Based on the fractal characterisation, Majumdar & Tien (1991) extended their 
study to develop a network-based model for analysing heat conduction between two 
contacting rough surfaces.
2.2.3. Modelling of non-conforming surfaces
The modelling work conducted on conforming surfaces neglects any waviness and non­
flatness aspects of the surface geometry. As explained earlier the mating surface of a real 
engine component is never perfectly flat, it contains deviations that are of medium and 
large wavelength.
Unlike the vast amount of modelling work conducted for conforming surfaces, there are 
surprisingly few studies that look at the modelling of wavy non-conforming surfaces, i.e. 
typical engineering surfaces with machining induced waviness. A wavy surfaee is 
described similarly to a conforming surface based on few parameters. Typically the
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geometry of the macroscopic geometry is assumed to be spherical in nature and is 
described by just one parameter, its radius of curvature. Macro-models recommended by 
Clausing & Chao (1965), Mikic & Rohsenhow (1966), Yovanovich (1969), Lambert & 
Fletcher (1997) and Bahrami, et al. (2004) make very similar assumptions regarding the 
micro-geometrical analysis. The two spherical rough surface contacts are simplified to a 
rigid smooth sphere, having an equivalent radius of curvature in contact with a rough fiat 
surface, which has the equivalent surface roughness and asperity slope. The effective 
radius of curvature is represented as shown in Equation 2.8
— =  —  Equation 2.8
R R i R2
This way of describing surface geometry does not cover the wide range of engineering 
surfaces. In particular it does not represent the machined surfaces which are the main 
foeus of the present research work. Another limitation of many of the models proposed to 
account for TCC variation with load is that they assume plastic deformation occurs only 
at the micro contacts while elastic deformation occurs at the macroscopic region. 
Traditionally it is also assumed that all the elastic deformation occurs in one body, which 
has an effective elastic modulus E* whilst the other body is assumed to be rigid. 
Effective elastic modulus is represented as shown in Equation 2.9.
1 (1 v f) I (1 v |)  Equation 2.9
E-  E l  E ;2
Where Ej, E2, v^, V2 are the Young’s moduli and Poisson’s ratios of the two contacting 
materials. This assumption of elastic deformation of the macroscopic non-uniformity will 
be invalid for gas turbine application as quite often the components are exposed to 
pressures above the yield strength of the materials.
Yovanovich (1971) presents an analytical study that determines thermal contact
conductance of a turned surface. Analysis was based on a two-dimensional heat channel
assuming plastic deformation of the ridges formed by turning process. This model defines
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the contacting topography based on the distance between the adjacent ridges and the 
width of the contacting strips. The various ridges were modelled as concentric circular 
heat channels with a common spacing, thermally connected in parallel. It was also 
assumed that at high loads, the asperities that define the surface roughness merged to 
form a quasi-continuous strip. The effect of surface roughness was taken into account by 
superposing the correlation developed by Cooper, et al. (1969) to the non-conforming 
model. The validation of this model with, and without, roughness effects is shown in 
Figure 2.3.
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Figure 2.3 Validation of Yovanovich non-conforming model (Yovanovich, 1971)
Sunil & Ramamurthi (2003) also proposed a correlation for prediction of TCC taking into 
account the effect of flatness and waviness and surface roughness. The roughness profile 
in this work is defined in the usual manner, standard deviation of the combined height 
distribution, a, and the average asperity slope, m. While the waviness is quantified in 
terms of the waviness height, w ,^ average spacing, /, and the average curvature, R. 
Comparison of this model with experiment is shown in Figure 2.4.
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Figure 2.4 Comparison of non-conforming model with experiment 
(Sunil & Ramamurthi, 2003)
2.2.4. Fourier analysis
The process of decomposing a complex function into simpler representative parts is 
known as Fourier analysis. Interest in Fourier analysis started to develop from the study 
of Fourier series. The Fourier series theory is based on the fact that all signals can be 
broken down as a sum of sine and cosine terms of increasing frequencies. By performing 
Fourier analysis on a compound waveform, individual components of the waveforms are 
isolated. This enables identification of the components that contribute to the form of the 
whole wave. It has many scientific applications in a variety of fields such as engineering, 
signal processing, acoustics, numerical analysis and other areas. One such example is that 
a recorded audio signal can be modified using Fourier analysis to get the original signal 
without any noise. This is obtained by rebuilding the filtered Fourier domain within the 
required frequencies.
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Fourier analysis has different forms depending on the specific application. Out of the 
different forms the one being used in this project is known as Discrete Fourier Transform 
(DFT). For a fuller understanding of various forms of Fourier analysis and its respective 
applications the reader is referred to Kreyszig (2006), Brigham (1988) and Newland 
(1993). A complex function f(x) is converted into its Fourier domain {F(x)) by DFT 
according to the formula:
. ,, , Equation 2.10F i x )  =  Y  f W e 'T " "  k  =  0,1 ...JV -  1
n=0
Where N  is the number of data points. The inverse DFT, used to transform the Fourier 
coefficients back into a dataset is represented by Equation 2.11 :
M k n ,  n .  . Equation 2.11f i x )  =  V  FW e'T ""* -  0,1
n=0
FFTs are efficient algorithms used to compute a DFT. They reduce the computing time 
for calculating a DFT to M ogi#  instead of (Brigham, 1988), where N  is the number of 
data points.
Fast Fourier Transform (FFT) Algorithm
Fast Fourier Transform (FFT) is an efficient algorithm to compute one of the many forms 
of Fourier analysis: Discrete Fourier Transform and its inverse. Implementation of FFT 
algorithms has made numerous unique solution techniques readily achievable. This is 
obtained by splitting the full sequence into a number of shorter sequences. The DFT of 
only the shorter sequence is worked out. The FFT technique then combines the DFT of 
the shorter sequence in a specific way to get the complete DFT of the original sequence.
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A mechanical surface has been defined using different parameters such as Ra (the 
arithmetic mean value of the profile signal), Rq  (the rms value), and i?max (the maximum 
peak-to-peak value), etc. However in most cases these parameters are not sufficient 
enough to give complete information about the surfaces. Fourier analysis of the surface 
gives a more advanced characterisation of the surface. When the surface is modelled 
using FFT, the wavelength spectrum parameter is used to describe the surface. In 
addition, it is also a convenient tool to separate the roughness, waviness and out-of-form 
components of a surface. It is widely used as a filtering technique to distinguish the 
different surface components. Raja & Radhakrishnan (1979) conducted a study of 
filtering surface profiles using FFT techniques. It was concluded that from the point of 
view of real time processing, this technique is faster and requires less memory compared 
to other traditional methodology. Raja, et al. (2002) published a review article evaluating 
the evolution of the filters along with the ones currently under research.
Inverse Fourier Transformation Technique (IFFT) along with FFT is usually used for 
reconstructing 3D and 2D surface topography. The reconstruction is carried out based on 
very limited Fourier coefficients obtained from a complete surface spectrum. Surfaces 
created by means of a single cutting tool, such as milling, turning etc., describes a distinct 
orientation of machining traces on the surface. These traces can be related to frequencies 
of the cutting tool movements. As a result such surfaces can be analysed on the frequency 
scale. Sherrington & Howarth (1998) conducted a study of reconstructing a 3D surface 
geometry based on only limited frequencies. It was shown that by using about 1% of the 
original volume of data, the reconstructed surface was able to capture much of the visual 
and quantitative data of the original surface.
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2.3. Review of existing experimental stndies for 
measuring TCC
2.3.1. Existing Experimental methods
The resistance to heat flow at the interface between two contacting surfaces is assumed to 
be proportional to the ratio between the heat flux and the interfacial temperature drop. 
Thermal Contact Conductance (TCC) characterises this interfacial resistance to heat flow. 
The methods used for measuring TCC can be classified as shown in Figure 2.5. They can 
generally be split into two categories: transient based and steady-state based 
methodologies. The transient and steady-state techniques can be further classified to 
either temperature or non-temperature based techniques. Non-temperature based, or the 
analogue method, measures the electrical resistance between the interfaces. The electrical 
resistance at the interface is proportional to the temperature resistance as both potential 
drop and the temperature drop obey the same Laplace equation. Veziroglu & Chandra 
(1968) were among the first to carry out TCC measurement based on electrical analogy. 
The limitation to this methodology is that the parameters cannot be altered easily, as a 
result they are not widely used. The most common technique for measurement of TCC 
for both transient and steady-state measurement is the temperature-based techniques. 
Steady-state techniques involve the study of temperature drop across the interfaces in a 
stable, one dimensional temperature field. While the transient method involves the study 
of time dependent temperature drop across the interfaces in a one-dimensional 
temperature field. Madhusudana (1996) has summarised the various measurement 
techniques that are used in the literature. Brief descriptions of the most common set-ups, 
such as the steady-state and transient temperature based techniques, are given below.
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Figure 2.5 Various approaches for measuring TCC
2.3.2. Steady-State Techniques
The most commonly used steady-state technique is the axial heat flow apparatus. A 
typical axial heat flow apparatus is shown in Figure 2.6. The test set-up shown in this 
figure is an axial heat flow multiple interface test set-up developed by Woodland (2009). 
In this set-up washers whose thermal contact conductance needs to be measured are 
placed between two geometrically similar cylinders. The combination of a heater at the 
top cylinder and a water cooled heat sink at the base of the bottom cylinder necessitates 
the axial heat flow. Insulating the entire rig establishes a one-dimensional temperature 
field. The thermocouples embedded in the cylinders give the temperature data when the 
entire assembly is subjected to an axial force. These temperature measurements are then
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Figure 2.6 Schematic of the axial flow experimental set-up
extrapolated to give the interface temperature. Thus if the temperature drop at the 
specimen interfaces and the average heat flux across the entire assembly is known then 
TCC can be calculated using the following equation.
T C C = ± Equation 2.12
There are various derivatives of this set-up that are commonly reported in the literature. 
One of the main variations in the set-up is that instead of multiple specimens, the two 
geometrically identical cylinders are placed into contact with each other and are subjected 
to an axial force. Mikic & Rohsenhow (1966), Madhusudana (2000), Bahrami (2004), 
Fletcher, et al. (1969) and many others have used this technique for measurement. There 
are various limitations to this set-up compared to the multiple interface technique 
proposed by Woodland (2009). One of the major factors affecting TCC measurements is 
the accuracy of the temperature drop measurement. The test set-up proposed by 
Woodland (2009) is postulated to give a more accurate TCC values compared to single 
interface set-up. With multiple interfaces, assuming the resistance at each interface are
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identical, the temperature drop across the entire assembly is higher. With a higher 
temperature drop the accuracy with which the interface temperature can be measured 
increases. This is justified in section 3.4. Further, for a single interface test set-up, the 
cylinders with embedded thermocouple practically act as the specimen. As a result any 
study with variation of parameters such as material property, surface texture etc., one 
needs to discard the previous specimen. Replacing the cylinders with embedded 
thermocouple results in performing new thermocouple calibration, which is time 
consuming. The set-up proposed by Woodland (2009) is used in this study as a result of 
its flexibility for measuring various parameters.
2.3.3. Transient Techniqnes
Alternative methods to the steady-state methodology requires the measurement of 
temperature instantaneously. The experimental methodology to calculate the interface 
temperature is known as the surface measurement technique. Based on the surface 
measurement technique, instead of extrapolating the infield temperature data to obtain 
interface temperature, direct surface temperature measurements are obtained. This was 
initially made possible by using surface thermocouples designed by Vigor & Homaday 
(1962). Figure 2.7 shows a cross sectional drawing of a die with the grooves for 
thermocouple location for the transient measurement of heat transfer coefficient. Deam & 
Silva (1979), Stevens, et al. (1971) and Semiatin, et al. (1987) used this technique to 
measure the surface temperature in drop forging, metal rolling and upsetting respectively. 
Using the experimental results, either by using a calibration method or reverse method 
heat transfer coefficient could be calculated.
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Figure 2.7 Die block with thermocouple groove locations for transient heat transfer 
measurement [from Nshama and Jeswiet (Nshama & Jeswiet, 1995)]
Both the calibration method and reverse methodology are a coupled experimental and 
numerical analysis. In both the cases, the experimental set-up is modelled using finite 
element, or finite difference, techniques. The FE simulations are performed with an initial 
assumed value of TCC at the contact. In the simulation all the parameters are kept 
constant except for the TCC value. In the case of the calibration method, used in the work 
of Nshama & Jeswiet (1995), the value of TCC is varied until a good comparison is 
obtained between the experimental temperature measurement and FE temperature 
contour plot. The TCC value obtained from the converged FE simulation was assumed to 
be the final TCC value. Hu, et al. (1998) modified the calibration methodology to 
minimise the temperature difference between the experimental and FE prediction. A least 
squares analysis was combined with the FE simulation to minimise the temperature 
difference between the experimental analysis and the FE simulation. One of the major 
limitations to this technique was the reliability of the surface thermocouples. High 
pressure and temperature tend to damage the surface thermocouples and replacement of 
these thermocouples is problematic and time consuming.
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2.3.4. The effect of Surface Topography on 
TCC
As mentioned in the earlier sections one of the major factors causing a resistance to the 
heat flow between contacting materials is the surface geometry. Depending on the surface 
preparation technique, such as polishing, lapping, grinding, grit blasting, the surface 
roughness of the component will vary. It is widely assumed that smooth surfaces have a 
higher TCC than a rougher sample for fixed boundary conditions. This is because a 
smooth surface can be assumed to have a larger contact ratio, i.e. ratio of real contact area 
to the nominal contact area. Having a higher contact ratio tends to reduce the constriction 
resistance and hence, in effect, increase the contact conductance. Moreover, for a smooth 
contact, the mean separation distance between the contacting surfaces tends to be lower 
compared to a rough contact.
There are numerous experimental studies in the literature that justify the above 
assumptions [for example (Chen, 2002), (Rosochowska, et al., 2003), (Woodland, et al., 
2011), (Yeh, et al., 2001)]. Work carried out by Chen (2002) has shown this trend to 
exist, where TCC is higher for a smoother finish compared to a rough contact. Figure 2.8 
shows the variation in TCC value of an unalloyed carbon steel (Ma8 steel) for various Ra 
values obtained from Chen (2002). It shows an inversely proportional relationship 
between Ra values and TCC as expected.
A similar conclusion was drawn by Rosochowska, et al. (2003). The surface roughness of 
the samples under study ranged from 0.27 p.m to 5.95 \im. It was observed that the 
magnitude of TCC increased more rapidly with pressure for a smooth specimen. There 
are other authors, Yeh, et al. (2001) and Woodland, et al. (2011), in the literature that 
have made similar observations. Woodland, et al. (2011) also observed that there was no 
change in the average surface roughness after loading for both the rough and the smooth 
surfaces. It was explained on the basis that as the area of the contacting asperities formed
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Figure 2.8 Roughness effect on TCC for MaS Steel. From (Chen, 2002)
are proportionally much less than the nominal contact area, any deformation may not 
have a significant effect on the overall surfaee roughness of the contacting surfaces.
Even though there are numerous theoretical and experimental studies on the surface 
roughness effects on TCC, surprisingly there is very limited experimental data available 
on the surface waviness effect on TCC. Work carried out by Woodland (2009) on mild 
steel machined washers is among the very few experimental studies available in this 
subject. In this study Woodland examines TCC of machined surface in contact with a flat 
ground surface. The surfaces were machined to produce a particular surface pattern that 
represented the surface waviness component. In this work the effect o f variation of 
machining parameter, feed rate, on TCC results were examined. It is a common 
understanding that altering the feed rate tends to change the frequency of the waviness. It 
was shown that putting in context of all the work on ground surface contacts and rough 
grit blasted contacts in the same research study, the waviness shown for the machined 
surfaces has the same effect on the measured TCC as trebling the surface roughness as
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shown in Figure 2.9. This is expected as a wavy surface tends to contact only at the peak 
of each wave and thereby reducing the actual area of contact even further.
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Figure 2.9 TCC comparison of ground contact, rough grit blasted contact and fly- 
cut of mild steel specimen contacts. From Woodland (2009)
Sunil & Ramamurthi (2003) also conducted a study on the combined effect of the out-of- 
flatness and waviness aspect of surface topography on TCC. Based on the results 
obtained both have a significant influence on the interface heat transfer. This work also 
developed an empirical correlation that took into account the various components of 
surface topography. From the developed correlation it was concluded that the TCC is 
largely unaffected by the out-of-flatness within the region where the ratio of out-of- 
flatness {dj) to the surface roughness {R^ is less than 10.
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2.3.5. Material effect on TCC
Materials of interest to researchers of Thermal Contact Conductance will depend on the 
intended field of application. The fields of industrial applications where TCC is relevant, 
range from nanotechnology, microelectronics to turbomachinery industry. The most 
common materials that have been studied for microelectronics applications are:
1. Aluminium alloys.
2. Copper alloys.
3. Stainless and other steels.
Yovanovich (2005) summarised the vast amount of experimental data available on the 
materials mentioned above from the past four decades. This review examines the effect of 
contact pressures on TCC for various materials. Gmelin, et al. (1999) also published a 
review paper looking at TCC of copper and stainless steel eontacts with interstitial 
materials. The work presented the data for low cryogenic temperatures. As mentioned 
earlier, vast amount of literature and modelling work in the past 40 years has been based 
on microelectronic applications. There are very limited data available on TCC of 
materials used in gas turbine.
Various aspects of the material properties tend to have a significant influence on the 
interfacial heat transfer. The most widely studied phenomenon is the effect of material 
strength on TCC. It is widely believed that the contact conductance tends to be lower for 
a harder specimen. The reason for this is that for a given load, as the hardness increases 
the asperities that are under load will undergo lower deformation. This results in a 
smaller real contact area for conductive heat flow. Woodland, et al. (2011) have 
examined the effect of material strength and thermal conductivity on TCC. Based on this 
work an increase in thermal conductivity tends to increase the heat flux across the 
interface, which results in an overall increase in TCC. Experiments based on material 
strength revealed that at lower pressures the material strength had less of significance on
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Figure 2.10 Comparison of dimensionalised TCC for various metals.
From (Vishal, et al., 2005)
TCC than at higher pressures. The materials that were examined in this study were 
stainless steel and mild steel specimens. Vishal, et al. (2005) carried out experiments to 
understand the effect of material properties on TCC. The materials examined in this study 
were aluminium, brass, stainless steel and copper. The results from this study were seen 
to scale with the material thermal conductivity but the effects of other material properties 
such as the material strength were less obvious as observed from Figure 2.10. The 
material properties of the materials studied are shown in Table 2.1.
Table 2.1 Material properties of the specimens. From Vishal, et al. (2005)
Material
Thermal
conductivity
(Wm’^K' )^
Yield Strength 
(MPa)
Young’s modulus 
of elasticity (GPa)
Stainless Steel 17 380 200
Brass 99 166 97
Aluminium 190 353 69
Copper 396 193 110
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The materials used in the gas turbine industry tend to be mainly lightweight high strength 
alloys and high temperature alloys. High temperature nickel alloys and lightweight 
titanium alloys like Ti-6A1-4V are commonly used in gas turbine application. There is 
very limited experimental data available in the literature that reports the contact 
conductance of these materials. Lambert, et al. (2006) carried out an experimental study 
on light metal alloys such as titanium alloy T1-6A1-4V, magnesium alloys and aluminium 
alloys at low contact pressures for varying degrees of surface roughness and out-of- 
flatness. It was revealed that for very flat contacts involving Ti-6A1-4V alloys the 
uncertainties of the experiments were higher than for other materials. Lambert et al. 
explained that due to the lower thermal conductivity of Titanium alloy, very small heat 
flux was required to maintain an interface temperature of 25 ° C. This resulted in very low 
junction temperature differences that were too small to be measured accurately.
2.3.6. The effect of load-cycling on TCC
In real applications, a component is generally exposed to diverse loads and temperature 
over time. One specific complication is the subjection of an interface to load-cycling and 
the implications for TCC. From the limited literature available, it appears that TCC is 
influenced by operational history. Li, et al. (2000) conducted a study to enhance the TCC 
of joints. In their study it was argued that there is an increase in TCC with loading 
history. Stainless steel was loaded and unloaded for numerous cycles between pressures 
of 0.845 MPa to 6.425 MPa. Increments in TCC of up to 16% were observed in the first 
five load-cycles and a fiirther 2% up to the 30* cycle. A similar study was conducted by 
Wahid & Madhusudana (2003) and a similar conclusion was made. They reported an 
increment of 10% in TCC values for the first 25 cycles. Both of these studies argue that 
the operational effect on TCC is important for at least the first 20 cycles. The load-cycle 
effect reported in both studies was explained in terms of a different deformation mode 
operating for the contacting asperities during different cycles.
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Following Li, et al. (2000) and Wahid & Madhusudana (2003) work. Woodland (2009) 
conducted a study on the effect of loading history on TCC. The study was conducted on 
ground mild steel washers at high contact pressures up to 166 MPa. An initial 10 load- 
cycle study revealed the existence of hysteresis effect but no measurable increase in TCC 
from the second loading onwards, in contradiction to previous studies. Woodland then 
disassembled and reassembled his test set up and cycled it a further 100 times to the same 
pressure levels as before, dwelling at first, second and hundredth cycles. Surprisingly a 
new trend was noted between the loading history and TCC values. It was found that an 
increase in TCC with load-cycling continues even at the hundredth cycle. The reason for 
this increment in TCC was not clearly stated. But, it was also noted that a form of cold 
welding due to bedding of the contacting asperities was observed. It has been reported by 
Kobayashi, et al. (1998) that a lower thermal contact resistance is often accompanied 
with stronger adhesion, often leading to higher errors in the experimental results of TCC. 
As only 3 cycles were noted for the test case by Woodland (2009), the effect of load- 
cycling on TCC was not conclusive.
2.4. Error Analysis
Understanding the various sources of error when calculating the thermal contact 
conductance is essential in validating any results obtained. There are many sources of 
error leading to uncertainty in TCC measurement. The effect of experimental accuracy 
has been studied in detail in previous literature [ (Madhusudana, 2000), (Thomas, 1975)]. 
Madhusudana (2000) conducted a detailed analysis on the relation between resistances to 
heat transfer across joints, to the heat loss from the specimens to the surroundings. It was 
concluded that one of the major sources of uncertainty in measuring contact heat transfer 
is the heat loss from the specimens to the surroundings. The study also claimed that the 
presence of large flatness deviation in the specimens would have an effect on the lateral 
heat flow and thus make the heat flow through the specimens not truly one-dimensional.
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In a split-bar determination of thermal contact conductance the temperature drop across 
the interface is estimated by extrapolating a temperature gradient. Thomas (1975), 
Rosochowska, et al. (2004), Woodland (2009) are among the previous researchers that 
reported the significance of extrapolation errors in calculating TCC. Thomas (1975) 
analysed the error obtained by the extrapolation of the temperature gradient obtained 
remotely. According to this study, increasing the number of thermocouples would not 
reduce the extrapolation error significantly. Further, additional holes for thermocouples 
would introduce a systematic error as a result of additional heat leakage.
Woodland (2009) also conducted a similar error analysis in calculating TCC based on the 
temperature measurement obtained by a series of thermocouples. The work concluded 
that increasing the interface temperatures and the contact pressures would lead to 
lowering the accuracy level of the TCC calculated. This was attributed to the fact that 
increasing the pressure or interface temperature results in smaller temperature drop across 
the interfaces, meaning the errors in the thermocouple measurements are proportionally 
larger.
All these studies tend to focus on the errors introduced only by the thermocouples in TCC 
measurements. They fail to look at other possible errors that have an effect in overall 
accuracy. A common source of error with the split-tube experimental set-up is the 
simplifying assumption that the thermal conductivity is constant across the entire 
assembly. Large quantities of experimental work available in the literature assume 
constant thermal conductivity across the entire assembly, for example see (Sunil & 
Ramamurthi, 2003), (Xu & Xu, 2005) and (Woodland, et al., 2011).
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2.5. Finite Element Modelling of TCC
2.5.1. Deformation analysis and Finite element 
modelling of TCC
The contact between solid surfaces is of great importance in several branches of science 
and engineering such as tribology, heat transfer, etc. Phenomena such as conduction of 
heat, adhesion, friction and wear are strongly influenced by the elastic-plastic 
deformation of the contacting asperities. Numerous studies have been carried out to study 
deformation of the contacting asperities. Among the pioneers of this type of study are 
Mikic & Rohsenhow (1966) and Greenwood & Williamson (1966). Both of these studies 
characterised the surfaces based on statistical parameters. This assumes that the asperities 
can be represented by spherical surfaces in contact and that the heights of the asperities 
form a Gaussian distribution as explained in the earlier section. In Mikic’s study the 
dependence of the deformation analysis on contact loads, actual contact area and the 
contact spot distribution have been described by employing Hertzian (elastic) analysis. It 
also establishes the point at which the deformation behaviour changes from elastic to 
plastic. Greenwood & Williamson (1966) describe a new theory of elastic contact, where 
deformation was related to the contact loads and surface topography. They also establishe 
a criterion for distinguishing surfaces which touch elastically from those that touch 
plastically. This criterion has been defined as a function of plasticity index, which is 
essentially the ratio of elastic hardness to the real hardness.
Following Greenwood and Williamson’s work, a number of other models (Chang, et al., 
1987), (Zhao, et al., 2000) have been developed which incorporate the elastic-plastic 
deformation of contacts. Even though these models are a step forward from Greenwood 
and Williamson’s work, the assumptions that the deformation of the individual asperity 
are independent of its neighbouring ones limits its applicability. Finite element analysis is
37
a sensible way to overcome these shortcomings. This technique has been effectively used 
to study the deformation of contacts between a sphere and a flat surface (Kogut & Etison,
2002), (Jackson & Green, 2005). A recent study by Sahoo & Ghosh (2007) has developed 
this work further, in analysing the elastic-plastic contact of self-similar fractal surfaces. 
Using the Weierstrass-Mandelbrot function (Yan & Komvopoulos, 1998), 3D rough 
surfaces were generated and the deformation behaviour was analysed for varying fractal 
dimension and fractal roughness. The finite element contact analysis proposed in this 
study predicted the deformation analysis reasonably well when compared with the 
experimental data. It also indicated the importance of accurate characterising of surface 
topography for predicting the contact behaviour of two surfaces.
In order to study the heat transfer through contacting asperities a coupled thermo­
mechanical model needs to be developed. Apart from the most common studies to predict 
TCC [ (Cooper, et al., 1969), (Mikic & Rohsenhow, 1966), (Yovanovich, 1982)] there are 
other statistically based models to predict TCC of nominal flat smooth and rough surface 
contacts. Buonanno, et al. (2003) developed a statistically based model to predict TCC by 
incorporating a modification of a deformation model proposed by Zhao, et al. (2000). 
Jiang & Zheng (2009) developed an analytical model of thermal contact resistance based 
on the Weierstrass-Mandelbrot fractal function. In this study a new analytical model of 
thermal contact resistance in vacuum was developed based on the classical heat 
conduction theory, fractal geometry of surface topography, elastic-plastic deformation of 
the contacting asperities and size dependence of the micro contacts constituting the real 
contact area. This study gave a reasonable agreement with the experimental data of 
previous studies for low contact loads.
The limitations of these types of model are similar to the limitations of deformation 
models explained earlier. They do not tend take into account any thermal and mechanical 
interference between adjacent contact asperities. As a result the models are restricted to 
low contact loads in order for interaction effects to be ignored.
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Vishal, et al. (2005) presented a study on an experimentally validated thermo-mechanical 
model for prediction of thermal contact conductance. The model consists of two 
complimentary parts. The first part examines the deformation analysis to calculate the 
contact area, contact loads and the mode of deformation using finite element technique. 
The second part accounts for the constriction resistance using finite volume technique. 
The constriction correlation was presented based on the angle of contact, ratio of contact 
spot radius to cylinder radius and the ratio of conductivity of interstitial material to the 
conductivity of the substrate. The model is assumed to consist of a surface characterised 
by randomly distributed, mutually independent, spherical asperities with a smooth hard 
surface. The constriction resistance of each asperity is calculated individually and then 
added together to get the overall thermal contact conductance. The model was validated 
with experimental results at low contact loads.
Sadowski & Stupkiewicz (2010) developed a model of heat conduction between flat 
rough contacts using finite element techniques to predict the thermal contact conductance 
of real 3D roughness topographies. The correlation for the effective thermal contact 
conductance was developed based as a function of a wide range of real contact area 
fraction (from zero to unity) and the local thermal contact coefficient. As this model takes 
into account a wide range of real contact area fractions, it could be applied to cases where 
the contacts are exposed to high contact pressures and experience bulk macroscopic 
plastic deformation.
Thompson (2008) presented a multi-scale 3D finite element modelling approach in order 
to predict TCC. This work examined different length-scales by importing a 3D 
profilometer scan into a finite element model. The advantage of such an approach is that 
it limits the geometric issues raised by some models. The key disadvantage is that no 
general model for predicting different surface geometries of surfaces manufactured by 
various manufacturing tools is achieved.
Woodland (2009) carried out a preliminary study on finite element modelling of turned 
surfaces contacting flat surfaces. The turned surfaces were assumed to be periodic and
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modelled as a single idealised peak. The single representative peak for each surface was 
modelled by analysing the mean periodic horizontal distance, mean peak to trough height 
and peak-to-trough horizontal distance parameters. The drawback of this technique of 
modelling a machined surface was that there was no general way to predict the geometry. 
The idealised model was then used for thermo-mechanical modelling study using finite 
element approach. There is some ambiguity in the boundary conditions used for this 
study, such as the elastic-plastic deformation of the material under study and the local 
TCC input values.
2.6. Concluding Remarks
The surface topography of a typical engineering component has been identified in this 
chapter. It is shown that the explanation of such surfaces is made simpler by considering 
it in its frequency domain. In the frequency domain such a surface can be separated into 
three components: Flatness (low frequency profile); Waviness (medium frequency 
profile); and Roughness (high frequency profile). The surface topography of a component 
used in gas turbine tends to be a superimposition of all three of these length-scales.
Various techniques to characterise such surfaces are also mentioned in this chapter. The 
predominant method for characterising surface geometry, the surface profilometer, has 
been examined in more detail. The various surface parameters that can be derived from 
using a surface profiler were summarised. The parameters summarised are commonly 
used to characterise the roughness of a conforming surface, which are then used for 
predicting TCC. Description based on fractal theory and statistical parameters are also 
reported.
The methods used to characterise non-conforming surfaces are also identified. It is 
understood that the methods tends to oversimplify surface topography and might not be 
applicable to turbomachinery applications. Non-conforming surfaces that are typical in 
turbomachinery are not widely observed in microelectronics. As a result oversimplifying
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the non-conforming surface topography does not tend to have a huge effect in predicting 
TCC. Based on this finding it was concluded that a general and more appropriate way of 
predicting non-conforming surface geometries typical to turbomachinery application 
should be examined.
Various experimental methodologies have been identified. The limitations and 
practicality of these techniques were also examined. This gave a better understanding of 
the reasons for choosing the experimental methodology used in this research work. It is 
also shown that TCC is affected by a wide variety of parameters such as surface 
topography, material properties, and operational history. It has been shown that the vast 
amount of experimental work reported in the literature tends to be concentrated on 
narrow variety of materials, mainly used in microelectronics. There is very limited 
published work on materials used in the gas turbine industry. Based on these findings it 
was decided that for better understanding of heat transfer around the mechanically joined 
components in gas turbine, TCC experiments needs to be carried out on materials 
commonly used in this field.
The literature study has also shown that very little work has been published on 
understanding the wide variety of surface topographical effects on TCC. Most of the 
previous experimental studies concentrate on conforming contacts, very limited 
experimental work is available for non-conforming joints. Due to the importance of non- 
conforming interface contacts in turbomachinery, a parametric study of TCC to 
investigate the effects of various conforming, non-conforming and mixed contacts should 
be examined.
It has also been shown that the error analysis work conducted in the literature tends to 
focus on predominantly the issue of temperature measurement and tends to neglect other 
significant sources of error. This leads to the conclusion that a well-defined error analysis 
should be carried out that takes into account the errors introduced from a variety of 
sources.
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Chapter 3
Experimental Methods
3.1. Introduction
This chapter explores the various experimental techniques used in this study. As one of 
the main topics of discussion in this research work was to understand the effect of surface 
topography on contact conductance, the surfaces needed to be characterised accurately. 
Section 3.2 of this chapter explains the methodology of characterising all the surfaces 
studied in this research. This is followed by an explanation of the experimental set-up and 
the data processing technique developed for calculating TCC in section 3.3. In order to 
draw reliable conclusions from the measured TCC values it was vital to understand the 
errors of the experiment. The error analysis performed, that takes into account the various 
parameters affecting the accuracy, is explained in section 3.4. One of the major 
parameters that contribute to the experimental errors is the thermocouple accuracy. The 
procedure for calibrating the thermocouples is summarised in section 3.5. The specimen 
preparation and the material properties of the specimens under study are reviewed in the 
next two sections. In order to understand the results obtained, various material properties 
of the specimens under study are needed. One such key property widely used in the 
literature to explain certain aspects of contact conductance is the micro-hardness of the 
material. Micro-hardness measurements of the specimens are also explained in detail in 
section 3.8.
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3.2. Surface characterisation methodology
A Veeco Surface Dektak profilometer was used to perform detailed measurement of the 
surface geometries of the contacting surfaces used in this study. A photograph of the 
surface Dektak surface profilometer is shown in Figure 3.1. Dektak 32 is an advanced 
surface texture measuring system that can accurately measure the surface textures of 
samples with different characteristic wavelengths. The Dektak is designed to 
accommodate wafers up to 8 inch in diameter. It is a contact based measuring instrument, 
where a stylus moves across the surface of the sample. The stylus used in this study has a 
radius of 5 gm. It is able to map both two-dimensional and three-dimensional 
topographic measurements. The platform contains vacuum holes to hold the samples 
firmly in its place during measurement. The entire assembly is housed on an airbed to 
provide a flat measurement base.
Figure 3.1 Dektak stylus surface profilometer.
As mentioned in the earlier sections the parameters used for defining the surface texture 
are scale dependent. The surface Dektak instrument has a vertical resolution that has a
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range between 650 nm to 1 mm. The horizontal resolutions depends on scan length and 
scan time and varies between 0.033 |im to 2.222 |im for a scan time of 3 to 200 seconds, 
based on a scan length of 2 mm. It has scan length range of 50 |im to 100 mm. The stylus 
applies a certain load on the sample surface and it ranges from 0.03 mg to 15 mg.
In order to better assess any anisotropy of the surface geometry, measurements were 
taken at 8 equally spaced intervals, radially and circumferentially. Each line scale 
analysis was carried over 5 mm length and 3D analyses were made over an area of 10 
mm^. Based on the line scale analysis various surface parameters could be obtained 
including the RMS surface roughness, cr, and the mean asperity slope, m. The RMS 
surface roughness and mean asperity slope are commonly used in the field of contact 
conductance to describe the surface geometry of contacting components.
3.3. The experimental technique for measuring 
TCC
The specimens were tested by a split-tube instrumented technique developed by 
Woodland, et al. (2011). It is a steady-state technique and the set-up is shown in Figure
2.6. The components of the rig have been explained in section 2.3.2. In order to generate 
the required heat flux a heater was attached to the top cylinder Qiot), while the bottom 
cylinder {cold) was water cooled. Thermocouples embedded in the steel cylinders 
measure the temperature profile along the length of the cylinder. The thermocouples were 
calibrated to within 0.1 °C relative to each other. The calibration technique is detailed in 
section 3.5. The band heater used in this study was maintained at IOO°C. Multiple 
specimens were stacked in between the steel cylinders to provide the necessary 
temperature drop to calculate the thermal contact conductance. The use of a multiple 
stack reduces the errors arising from the uncertainty of thermocouple readings. This is 
discussed in detail in section 3.4.
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The specimens were machined to a thickness of 2 mm, an outer diameter of 20 mm and 
an inner diameter of 4 mm. These washers were sandwiched between the steel cylinders. 
This resulted in multiple interfaces, which included tube-washer (7W) interfaces and 
washer-washer (WW) interfaces. The contribution of the tube-washer interfaces is 
removed using results of an initial test, with a single washer, over the same pressure 
range as that used for the testing of the stack.
In a single washer test, only the tube-washer interfaces offer resistance to heat
conduction. The temperatures obtained from the thermocouple readings are extrapolated 
to get the interface temperatures of the two steel cylinders, which give the overall 
temperature drop. The temperature drop across the tube-washer interface can be
calculated from the overall temperature drop as shown by Equation 3.1.
^  (T io t -  T L id  -  Equation 3.1
Assuming constant heat flux across the entire rig, and knowing the thermal conductivity 
of the washers { k w )  and the thickness of a single washer (f), the temperature drop across 
the thickness of the washer can be calculated as shown by Equation 3.2. The ratio of 
thickness to thermal conductivity gives the resistance to heat flow across a surface.
^ s Equation 3.2
^Tw = -j^q^vg
The resistance offered by the tube-washer interface can be calculated from the 
temperature drop using Equation 3.3.
AT^ns _  Tw Equation 3.3^TW -  s ^
H a v g
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When a stack of washers is tested, the resistance to heat flow is due to both the tube- 
washer interfaces and the washer-washer interfaces. Assuming that the contact between 
the tube and washer from the multiple washer test is the same as the single washer test, 
then the temperature drop across the tube-washer interface for the multiple washer test 
case can be calculated as:
AT’tw =  Equation 3.4
This can then be subtracted from the overall temperature drop across the interface to 
calculate the temperature drop across just the washer interfaces as:
AT^W = ( C t  -  T ^ id  -  n A T ^  ~  2 A % ) Equation 3.5
Knowing the average temperature drop per interface and the heat flux across the 
assembly, the thermal contact conductance can be calculated as:
TCC = — ■ Equation 3.6
AT^w
It is widely understood that the thermal conductivity of materials changes with 
temperature. Assael & Gialou (2003) carried out a study that illustrates the change in 
thermal conductivity for austenitic stainless steel specimens as a function of temperature. 
As thermal conductivity is a function of temperature the heat flux can be represented as:
dT
q =  k (T ) —  Equation 3.7
dz
According to Assael & Gialou (2003) the variation of thermal conductivity for the steel 
cylinder could be expressed as:
k (T )  =  5.57 + (0.0347,) -  (1.901 x  10-»=Tf) Equation 3.8
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So integrating Equation 3.7 the following is obtained:
k(T )dT  = qz C Equation 3.9I
Where q is the heat flux, z is the location of the thermocouple along the steel cylinder and 
C is an integration constant.
As the thermal conductivity varies with temperature, the temperature distribution along 
the steel cylinder cannot be calculated explicitly. An iterative method based on Chen 
(2002) numerical technique for processing data was used to obtain: i) a solution for heat 
flux and ii) the temperature distribution along the steel cylinder. Based on Equation 3.9, T  
can be represented as:
T =  ^  ^  ^  Equation 3.10
Where fctCT) =
A function, S, was defined as the sum of squares of the temperature difference:
s = ^ ( T je x  -  TianY Equation 3.11
Where represents the thermocouple measurement obtained experimentally and Tian is 
the analytical temperature distribution along the cylinder. Minimising the function S  in 
terms of q and C and with some algebraic manipulation resulted in an iterative solution 
for q and C of Equation 3.9.
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The first estimates for g and C were substituted in Equation 3.9 to calculate the first 
estimate of temperature. This was then re-substituted to calculate the next realisation of q 
and C. Repeated iteration was carried out until convergence was obtained. Once the 
converged values of q and C were obtained the steel cylinder interface temperature was 
calculated. The validation of this data processing technique that incorporates varying 
thermal conductivity value is discussed in the following chapter.
3.4. Uncertainty Analysis
To make valid conclusions about the various factors affecting TCC, it is critically 
important that the inevitable errors in measurement are calculated realistically. The 
common experimental set-up uses a steady-state method with thermocouples embedded 
in cylindrical bars. The major source of errors associated with this set-up is the 
measurement of the temperature difference between the interfaces in contact. The 
accuracy of the experiment improves with larger temperature drop across the interface. 
Another common source of error with this set-up is the simplifying assumption that the 
thermal conductivity is constant across the entire assembly. As explained in the previous 
section, large quantities of experimental work available in the literature assume constant
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thermal conductivity across the entire assembly [for example see (Kumar & Ramamurthi,
2003), (Xu & Xu, 2005), (Li, et ah, 2000), (Wahid & Madhusudana, 2003)].
The temperature measurements are taken on the assumption that the flow is a steady one­
dimensional temperature field. The overall experimental accuracy depends on the heat 
loss, accuracy of the temperature measurements and the accuracy of the thermal 
conductivity chosen to calculate TCC. Heat loss was kept to a minimum by insulating the 
entire experimental assembly in a foil wrapped glass wool cladding, which ensured the 
resistance of heat flow to the surroundings was sufficiently larger compared to the 
interfacial resistance. Any uncertainty in the thermocouple measurements is magnified in 
the extrapolation to find the interface temperature. The uncertainty of the parameters used 
for calculating TCC was analysed by conventional error propagation theory. Based on 
that theory the uncertainty in calculating TCC is shown in Equation 3.14
ÔTCC =
f SqgvgŸ  ^  f STww\^  Equation 3.14
V  ^ a v g  J  \  T ' w w  /
Where Tww is the temperature drop across washer-washer interface. The uncertainty of 
the cylinder interface temperature and the heat flux density is a function of the 
thermocouple reading and the steel cylinder thermal conductivity. Based on the 
uncertainty in a function of several variables the uncertainty in the upper interface 
temperature and heat flux can be expressed as shown in Equation 3.15
NT
iS T h o tf =
 ^ i=iJ fe i  ^  ^  ^ Equation 3.15
2 NT
Where Thot is the interface temperature of the hot steel cylinder, is the thermal 
conductivity of the hot steel cylinder, 5Tq is the thermocouple accuracy and NT  stands for
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number of thermocouples. Similar expressions hold for the lower (colder) interface 
temperature. The uncertainty in the measurement of the temperature drop across the 
washer interface can therefore be expressed as:
ÔAT^rw —  V + (.^TcoidY +  (j iSTiyY  Equation 3.16
Where is the uncertainty of the temperature drop across the thickness of the washers. 
The uncertainty of the temperature drop across the washers and the uncertainty in heat 
flux can be shown to be:
Sqa.s =  ^(.Sqcom y  + Equation 3.17
The uncertainty in the overall measurement of TCC is strongly influenced by the 
uncertainty in the temperature readings and the temperature drop across the interface. 
Any uncertainty in the thermocouple measurement will be amplified if the temperature 
drop is lower. Hence, the multiple interface measurement technique used in this study is 
expected to give better accuracy compared to the methods that use only a single interface. 
The validity of both the uncertainty analysis and data reduction technique is demonstrated 
below.
3.5. Thermocouple calibration
Thermocouples are the most common sensors for temperature measurement due to the
fact that they are small, simple, rugged and of low cost. The purpose of calibrating a
thermocouple is to determine if the thermocouple can be used within the standard limits
of error for that specific type of thermocouple. Calibrating a thermocouple helps in
applying the appropriate correction factor to the readings noted during any TCC testing.
There are several methods of calibrating a thermocouple as discussed by Burns &
50
Scroger (1989). The thermocouples were initially embedded on the steel cylinder that 
will be used for TCC measurements. They were then placed in an oven and were 
calibrated by stepping the temperature in the oven from 25 °C  to 100 °C  at equally 
spaced interval of 5 ° C. A total of thirteen thermocouples were used for calibration. With 
the help of a data logger, measurements were recorded every 10 seconds. The entire 
assembly was kept at each time step till it reached steady-state. Once it reached the 
steady-state, the temperatures were noted for each thermocouple. In order to avoid any 
small fluctuations in temperature measurements, the thermocouple data was averaged 
over a five-minute period. This averaged value (T^g) was considered to be the readings 
observed by each thermocouple at the respective temperature. This was carried out for 
every time step till it reached 100 °C. Once all the data was recorded, the reference 
temperature {Tref) for each time step was obtained by averaging the values recorded by all 
the thirteen thermocouples at the respective temperature. The variation in temperature 
{Td) was then obtained by subtracting r^-^/from A linear correlation was obtained for 
the temperature difference of each thermocouple. Figure 3.2 shows the temperature 
difference of the thermocouples with respect to the reference temperature and the linear 
correlation obtained. For simplicity, the variation of only two thermocouples is shown in 
Figure 3.2. The linear correlation of the thermocouples used for TCC measurements are 
shown in Table 3.1. This linear correlation is used for correcting the thermocouple data 
during TCC measurements. The location of the thermocouples along the steel cylinder is 
shown in Figure 4.10.
Table 3.1 Linear correction correlation for the thermocouples 
used for measuring TCC
HFl HF2 HF3 HF4
y = -0.0029x + 
0.4779
y = -0.002ÔX + 
0.4955
y = -0.0022x 
+0.6919
y = -0.0019x + 
0.7338
CFl CF2 CF3 CF4
y = 0.0028x + 
0.0917
y = 0.0004x + 
0.2366
y = 0.0002x -  
0.2315
y = 0.0047X -  
1.1694
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Figure 3.2 Temperature difference of the thermocouples with respect to the
reference temperature data
The thermocouple errors may be defined by the standard deviation, a^c of the 
temperature residuals, i.e. the difference between the recorded temperatures and the 
corresponding temperatures assumed from a least-squares straight line. The standard 
deviation is represented by Equation 3.18. This is a standard way to represent the 
uncertainties in the measurements.
(Jtc —
Ti(Tj) — b — aXiY Equation 3.18
N T - 2
Where b is the y intercept of the intercept of the line fitting the data, a is the slope of the 
line, jc is the value of the x-axis and N T  is the number of thermocouples. The standard 
deviation was found to be less than 0.1 °C for all the thermocouples used for measuring 
TCC. For further information see John (1997).
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3.6. Specimen preparation
As the focus of this research work was to understand TCC in gas turbine components, the 
specimens used for this study were mainly made out of materials used in the gas turbine 
industry. Three different types of materials were examined in detail, high temperature 
PE 16 Nickel alloy, T1-6A1-4V (IMI 318) Titanium alloy and 316 Stainless Steel. The 
three materials chosen are representative of the range of materials used in gas turbine 
applications as explained earlier in Chapter 1. In order to understand the length-scale 
effects of surface topography, different types of interfacial contact geometries were 
studied. In this work both conforming contacts and non-conforming contacts are 
examined. All the specimens were initially turned on a lathe to an outer diameter of 20 
mm and an inner diameter of 4 mm. To make the surface isotropic and to eradicate any 
flatness variation all the washers were then lapped to a thickness of 2 mm. These washers 
were then separated into various batches. Some of the washers, after being lapped, were 
grit blasted to attain a rougher surface geometry. Another batch of washers was fly-cut on 
one side, to reproduce a wavy surface geometry. The final set was fly-cut on both sides in 
order to represent the surface geometry that is commonly observed in gas turbine 
components. For conforming contacts the surface texture of the specimens should be 
isotropic and uniform. As a result, lapped and grit blasted specimens were used for this 
study. While for non-conforming contacts a mixture of lapped and fly-cut washers were 
used. Table 3.2 lists the different types of contact topographies that were examined 
during this work. As in real engine applications contact tends to occur between two 
machined surfaces, as a result two types of orientation were used for the machined 
interface study. The idea behind a fly-cut -  fly-cut parallel orientation was such that the 
contact occurs at the peaks of the wavy surface, resulting in a line contact. While a fly-cut 
-  fly-cut perpendicular orientation results in a point contact. These two extreme cases 
bound the TCC results for machined interface contacts.
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Table 3.2 Interface surface geometry data of test specimens
Specimen PE16,316SS, Ti-6A1-4V
1 Lapped-lapped Conforming
contacts2 Grit blast -  Grit blast
3 Fly-cut -  lapped
Non-conforming
contacts
4 Fly-cut -  fly-cut (parallel orientation)
5 Fly-cut -  fly-cut (perpendicular orientation)
The Steel cylinders were turned to an outer diameter of 20 mm and length of 100 mm. in 
order to obtain conforming contact with the specimens the sides of the steel cylinders 
needed to be parallel to each other. This was obtained by grinding both the cylinders to a 
parallel finish.
3.7. Material Properties
In the following chapters the importance of material parameters, such as the thermal 
conductivity, will be examined in detail. Thermal conductivity changes linearly with 
temperature for the majority of materials. The variation of thermal conductivity of PEI 6 
Nickel alloy as a function of temperature is shown in Figure 3.3. As can be seen the 
thermal conductivity shows a linear variation with temperature and the variation can be 
expressed as shown by Equation 3.19
ki = 0.0268T( +  3.9303 (Wm“^K-^) Equation 3.19
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Figure 3.3 Thermal conductivity as a function of temperature of PE16 Nickel Alloy
The variation of thermal conductivity of Ti-6A1-4V titanium alloy is shown in Figure 3.4. 
Similar observation can be made about the thermal conductivity variation of Ti-6A1-4V 
with respect to temperature. There is a linear increase in the thermal conductivity value 
with increase in temperature and can be described by Equation 3.20. Over the range of 
temperatures investigated experimentally in this study, the thermal conductivity of the 
titanium alloy is on average 77% lower than the thermal conductivity of PE 16 alloy. 
Rolls-Royce provided the data for the thermal conductivity of both PE 16 and T1-6A1-4V.
ki = O.OUTi + 3.2198 Equation 3.20
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Figure 3.4 Thermal conductivity as a function of temperature of Ti-6AI-4V
3.8. Micro-hardness testing
As explained in the earlier section material properties such as the material strength have 
an influence in TCC measurements. When two materials are pressed against each other in 
typical engineering applications, the asperities which are in contact experience pressures 
that are comparable to the strength of the contacting materials. For theoretical prediction 
of TCC it is commonly assumed that these contact pressures are equal to the micro- 
hardness of the contacting materials. This is a critical parameter in the plastic flow 
models used to predict TCC. In the field of thermal contact conductance the micro­
hardness of a material is assumed to be equal to its Vickers’ hardness.
Vickers’ hardness of the specimens was measured using Leitz (Wetzler) miniload micro­
hardness tester, shown in Figure 3.5. It consists of a microscope, an indenter and a 
loading weight. The indenter is made out of diamond and is in the form of a square based
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pyramid with an apex angle of 136° (see Figure 3.6). It is pressed against a smooth 
polished surface at various accurately controlled indenter loads. The applied load (F) is 
varied between 25gf to 300gf.
Figure 3.5 Micro-hardness testing equipment, the Leitz Wetzler miniload tester
After the initial contact of the diamond indenter on the specimen, the load is applied for a 
period of 10 seconds. This leaves a diamond imprint on the specimen as shown in Figure
3.6. From this image the diagonal lengths of the indentation dj and dz can be measured. 
Once the diagonals are measured, the Vickers Hardness {Hy) can be calculated as shown 
by Equation 3.21. The Vickers hardness is defined as the ratio of the test force to the 
actual area of the residual indent.
Hy =  1 .8 5 4 ^  (Hy) Equation 3.21
Where F  is the applied force and d  ^ is the averaged diagonal lengths as shown in 
Equation 3.22
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dp —
di + d' Equation 3.22
Figure 3.6 Procedure for Vickers hardness measurement (left) (Instron, 2013); and 
the diamond imprint seen on the sample captured using the microscope (right)
To ensure accuracy of the hardness measured, an average of 10 indents per load was 
carried out. These were then measured using a Scanning Electron Microscope (SEM) for 
accurate measurement of the diagonals. The Hitachi S3200N SEM has a spatial 
resolution of 5.5 nm, is shown in Figure 3.7.
Figure 3.7 Hitachi S3200N SFM used for measuring Vickers diagonals
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3.9. Concluding Remarks
In this chapter an accurate way to characterise different types of surface geometries using 
a surface profilometer has been explained in detail. The methodology introduced helps to 
determine both the 2D and 3D topography of the surface. The technique introduced is 
widely used in the literature to characterise surfaces. The technique not only helps in 
gaining a qualitative visual understanding of the geometry but also enables the 
measurement of various surface parameters such as Ra, Rq, m, which are typically used as 
statistical parameters in surface modelling.
A split-tube experimental technique was used in this research work to measure TCC of 
gas turbine materials. The procedure for the experimental technique has been explained 
in detailed. It was shown that the thermal conductivity of the stainless steel cylinders will 
vary with temperature. Assuming constant thermal conductivity across the entire rig leads 
to significant uncertainties. To avoid this data processing methodology that incorporates 
varying values of thermal conductivity of the steel cylinder was developed following 
Chen (2002).
In the earlier section it was noted that most of the previous studies [ (Woodland, 2009), 
(Rosochowska, et al., 2004), (Thomas, 1975)] only account for the accuracy of the 
thermocouples when analysing the errors. In this work, parameters such as the thermal 
conductivity and thermocouple accuracy were incorporated in the error assumptions. 
Detailed explanation of the procedure was summarised in this chapter.
Micro-hardness of a material is a critical parameter to that helps in understanding the 
deformation behaviour of the contacting asperities. Detailed explanation of a reliable 
method for performing micro-hardness measurements has been described. A more 
accurate way of measuring the indentation parameters using SEM techniques was also 
explained.
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Chapter 4
Experimental Results of TCC
Measurement for Conforming and Non-
Conforming Interfaces
4.1. Introduction
This chapter summarises all the experimental results of TCC measurement for both flat 
conforming and non-conforming interfaces. The initial part of this chapter differentiates 
conforming and non-conforming geometries. Two-dimensional and three-dimensional 
mapping of such surfaces were carried out based on the methodology explained in section 
3.2. The purpose behind the topography of the non-conforming geometries was to 
replicate the surface geometry of the mating surfaces of real engine components. There 
are no available literature data on the surface topography of engine components. This 
chapter examines one such engine component and shows the similarity between the test 
specimens and the component geometry.
Before carrying out any parametric study of TCC, it was vital to validate the 
methodology to calculate TCC. This chapter summarises the validation of the 
methodology. To make valid conclusions about the various factors affecting TCC, it is 
critically important that the inevitable errors in measurement are calculated realistically.
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The uncertainty analysis performed on each TCC measurements was explained in the 
chapter (section 3.4). This chapter shows the strength and the limits of the uncertainty 
analysis developed.
The next part of this chapter examines the parametric study of TCC of three different 
materials: PE 16, 316SS and T1-6A1-4V. The parameters that were under study were the 
effect of pressure, surface roughness, length-scale effects, surface waviness, the loading 
and unloading hysteresis effect and operational history effects on TCC for the three 
commonly used gas turbine materials. This chapter also examines non-dimensionalising 
the TCC results to show the effect of material strength and the importance of 
microstructure in determining TCC. The strengths and weaknesses of the traditional non- 
dimensionalising techniques for flat conforming geometries are also considered.
4.2. The surface geometry of specimens under 
study
The lack of understanding of the effects of interface surface topography on contact heat 
transfer has been a major hindrance to the accurate prediction of TCC. The available data 
in the literature for TCC does not cover a wide range of common surface topographies. 
The typical geometries that are under study are mainly lapped, ground or grit blasted 
surfaces. These surfaces do not tend to typify the mating surfaces of a real engine 
component. As the objective of this research is to understand TCC of gas turbine 
materials, it is vital to represent specimen that typify those found in turbomachinery 
applications. So far there are no literature data available that illustrate the surface 
topography of an engine component. In this study TCC of a variety of surface 
topographies are examined in order to facilitate the comparison with previous studies and 
to extend the work to machined surfaces, which typify those found in turbo machinery 
applications.
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Three sets of surface geometries were examined: lapped, grit blasted and machined (fly- 
cut) surfaces. For machined surfaces, measurements were obtained in both the machining 
direction and perpendicular to it. The surface topography of a machined surface, such as 
the pitch and the amplitude of the pitch, varies based on the cutting parameters such as: 
cutting tool tip radius, cutting radius and feed per revolutions. They are topographically 
anisotropic in the plane of the surface while lapped and grit blasted surfaces are isotropic.
A typical roughness profile, for a washer fly-cut at 150 mm/min, measured normal to the 
machining marks, is shown in Figure 4.1. It can be seen that the fly-cutting produces a 
surface with repeatable surface deviations (i.e. regular peaks and troughs). The spacing of 
the deviations are directly related to the feed speed while the amplitude of the deviations 
relates to the tool tip radius and feed speed. The double dip observed at the troughs is due 
to the tool wear.
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Figure 4.1 Roughness profile of a washer fly-cut at 150 mm/min
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Figure 4.2 3D roughness profile of a washer fly-cut at 150 mm/min
In order to represent any surface topography it is critical to capture the important 
geometrical information. Figure 4.2 shows a 3D profile of the above surface. As can be 
seen from Figure 4.1 and a two-dimensional representation of a machined (fly-cut) 
surface carries the key geometric information.
The surface profile of a specimen fly-cut at 75 mm/min produces similar periodic 
deviations as the above sample as shown in Figure 4.3. The only parameter that was 
changed was the feed rate at which the washers were cut. The tool tip geometry and the 
cutting radius were kept constant. As can be seen from Figure 4.1 and Figure 4.3 the 
variation in the geometry was mainly observed in the distances between the peaks, 
termed the pitch, and in the amplitude of the waviness. The pitch is directly proportional 
to the feed per revolution at which the surface is cut. This relationship is explained in 
more detailed in the section 5.2.
As the focus of this research was to understand the contact conductance for
turbomachinery applications, the surfaces under study should replicate the surfaces of the
mating components in engine cases. As mentioned earlier there are no available literature
data that gives an accurate description of an engine surface geometry. Surface analysis
was carried out on a part of the turbine casing from the Trent 1000 engine manufactured
by Rolls-Royce. The casing was made out of PE 16 nickel alloy. Figure 4.4 shows the
component that was used to make measurements. This casing was then cut in to several
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pieces using a water jet cutter. Surface analysis was performed on the area where the 
casing mechanically contacts another casing ring.
£a.
£OI
4
3
2
1
0
1
2
3
1000 20 0 0  3000  4 0 0 0
Scan length (|im )
Figure 4.3 Roughness profile of a washer fly-cut at 75 mm/min
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Figure 4.4 Part of a turbine casing from the Trent 1000 engine manufactured by
Rolls-Royce
Figure 4.5 shows a 2D profile of the mating surface of the turbine casing. Comparison 
between Figure 4.5 and Figure 4.1 shows that the two profiles are very similar, differing 
only in the amplitude of the signal. Further comparisons of the frequencies of the pitch 
and the amplitude are carried out in section 5.2.
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Figure 4.5 Roughness profile of a typical component used in turbomachinery
The 3D representation of the above surface shown in Figure 4.6, gives further support to 
the argument that a 2D profile of a machined surface captures ail the essential 
geometrical features. It also justifies the use of fly-cut specimens to study TCC for 
turbomachinery applications.
Figure 4.6 3D surface profile representation of a real engine component
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For comparison with previous studies, isotropic surfaces were also investigated. Figure 
4.7 and Figure 4.8 show a two-dimensional representation of a grit blasted and lapped 
surfaces. The major characteristic of both the plots was that there appears to be no 
obvious patterns and the asperities are apparently randomly distributed. This is made 
clearer from the three-dimensional representation of both surfaces as shown in Figure 4.9. 
Looking at the difference in the asperity height of both the grit blasted and lapped 
specimen reveals that a grit blasted specimen tends to give a rougher finish. The three 
selected surface topographies represent a wide range of surface geometries.
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Figure 4.7 2D surface profile of a grit blasted surface
Having examined characterisation of wide range of surface topographies, it is necessary 
to understand the contact heat transfer behaviour when these geometries come in contact 
with each other. The next section considers the validation of the experimental set-up 
developed for measuring TCC for this study.
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Figure 4.9 3D image of a) lapped surface (left) b) grit blasted surface (middle) c) fly-
cut surface (right)
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4.3. Validation of the data processing technique
As explained in the earlier section, the vast majority of the experimental work available 
in literature tends to neglect sources of error, apart from errors in temperature 
measurement associated with thermocouples. One aspect that is usually neglected is the 
error introduced by the assumption that the thermal conductivity of the entire assembly is 
constant. In the experimental work performed by Woodland, et al. (2011), for both the 
steel cylinder and the washers, a thermal conductivity appropriate to the temperature of 
the heat source was chosen for calculating the heat flux. This approximation leads to a 
certain degree of error that was not incorporated in the error analysis. In order to 
incorporate the variation in thermal conductivity across the steel cylinder a data 
processing technique was developed as explained in section 3.3. This section validates 
this data processing technique.
In order to show the necessity of accounting for the variation in thermal conductivity with 
temperature, three test cases were carried out using PE 16 nickel washers. These washers 
were initially lapped to eradicate any flatness variation. The accepted flatness variation 
for a lapped washer was less than 7 pm. They were then grit blasted to obtain a specific 
surface roughness. The methodology of characterising the surface roughness was 
explained in section 3.2. The surface roughness was determined over an evaluation length 
of 5 mm. The roughness was characterised by RMS roughness height, cr, and mean 
asperity slope, m. The three test cases used different numbers of washers as shown in 
Table 4.1. There is a slight variation in RMS roughness and mean asperity slope value 
between each washer. As a result the value for RMS roughness and mean asperity slope 
was obtained by averaging these values of each individual washer. The maximum and 
minimum RMS roughness values of the washers used in the four washer test case varied 
between I.l pm and 0.84 pm.
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Table 4.1 Details of the three test cases
Specimen PE 16 Nickel alloy RMS Roughness 
(cr - pm)
Mean asperity 
slope {m)
Test case 1 (Tl) 4 washers 0.85 0.157
Test case 2 (T2) 7 washers 0.84 0.159
Test case 3 (T3) 10 washers 0.76 0.147
The experimental temperature data are extracted from the thermocouples that are 
embedded on the hot and cold steel cylinder. Four thermocouple readings from both the 
hot and cold steel cylinder are used for TCC calculation. The locations of the 
thermocouples are shown in Figure 4.10. These experimental temperature data are then 
used to calculate the analytical temperature (r,a„) as explained in section 3.3. More 
detailed drawing of the steel head is shown in Figure 8.1 (Appendix C).
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Figure 4.10 Assembly drawing of the rig with location of thermocouples.
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As can be seen in Table 4.1 the three sets of washers had very similar surface roughness. 
Initially TCC was calculated by assuming constant thermal conductivity across the steel 
cylinder. A thermal conductivity appropriate to the average temperature of the washers 
was chosen for the calculation of heat flux. The variations of the temperature data as a 
function of its location for the three test cases are shown in Figure 4.11.
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Figure 4.11 Experimental temperature variation across the thermocouple for the
different test cases.
The TCC results for the three test cases are shown in Figure 4.12. Solid symbols in 
Figure 4.12 represent this initial calculation. The same sets of test data were used to 
recalculate TCC with the variation of thermal conductivity with temperature taken into 
consideration. Comparison of these values with the initial ones is shown in Figure 4.12. 
For the calculation based on constant thermal conductivity there is a gradual increase in 
TCC with an increasing number of washers, contrary to what is expected. The 
temperature variation along the cylinders for test case 3 was about 58.3 °C. Such a 
temperature difference gives a corresponding variation in thermal conductivity of about 
8.7%. While for test case 2 and test case 1 the variation in thermal conductivity was about 
8.3% and 7.9% respectively. This shows that assuming constant thermal conductivity 
across the steel cylinder leads to significant errors, which leads to inaccurate TCC values.
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The effect is larger for higher values of TCC where the temperature drop across the 
washer pack is smaller and more sensitive to interpolation errors. The results accounting 
for variable conductivity also show that for the test set-up used in this study, TCC 
measurements were relatively independent of the number of washers in the stack. At the 
highest pressure, between the two methodologies there is a variation in TCC of about 
46%, 65% and 85% for test cases 1, 2 and 3 respectively. This shows that TCC 
calculation is very susceptible to error if the variation of thermal conductivity with 
temperature is ignored.
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Figure 4.12 TCC comparison for different calculation methodology
4.4. Validation of uncertainty analysis
As explained in earlier sections, for accurate prediction of TCC, understanding the 
various sources of errors while calculating TCC is vital. Previous studies tend to focus 
the attention on only the accuracy of the thermocouple data. Although the accuracy of
71
thermocouple data has a major influence on the experimental accuracy, it is also critical 
in determining other sources of errors such as the errors introduced by thermal 
conductivity data and depending on the experimental technique the error introduced by 
the thermocouple locations will also play some part in error analysis. As the experimental 
technique used in this research study is such that the steel cylinders where the 
thermocouples are embedded do not change, the errors introduced by the location of 
thermocouple could be neglected. This has been explained in detail in the previous 
section. But it is critical to understand if the errors considered in this study account for 
the wide range of possible errors expected in the experimental results.
In order to check for the accuracy of the uncertainty analysis, a 48 hour test was carried 
out on 316SS washers. As the errors are expected to be higher at the highest pressures, 
the sample was loaded to a maximum pressure of 166 MPa and was held at that pressure 
for over 48 hours. As the uncertainty varies with surface topographies, the tests were 
conducted on conforming contacts and non-conforming contacts. For conforming 
contacts, flat lapped surface contacts were examined, while for non-conforming contacts 
fly-cut surfaces in contact with lapped surfaces were examined. The results of the two 
tests are shown in Figure 4.13. Due to the lower temperature drop across the interface 
across the conforming contacts, the apparent uncertainty observed was higher. While for 
the non-conforming test case, due to the lower actual contact area the resistance to the 
heat flow was higher thereby increasing the temperature drop. A higher temperature drop 
across the interface improves the accuracy of the result as the errors introduced by the 
thermocouple are magnified to a lesser extent. The error bar for the conforming contact 
covers about 60% of all the TCC value over a period of 48hrs, while for the non- 
conforming contact it covers about 80% of all the TCC value for the same period of time. 
This gives a better confidence in the experimental set-up and also the error analysis 
performed.
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Figure 4.13 Variation of TCC with time at 166 MPa for 316SS washers
4.5. Experimental TCC results for PE16
4.5.1. Introduction
As mentioned earlier (section 1.4) there are various types of materials used in gas turbine 
application. High temperature nickel alloys are commonly used in manufacturing High 
Pressure (HP) and Intermediate Pressure (IP) turbine components. The nickel alloy PE 16 
is mainly used to manufacture turbine casings for Rolls-Royce engines. As seen from the 
literature study there is very limited experimental TCC data available on gas turbine 
materials. A parametric study of TCC of PE 16 specimens were carried out to investigate 
the effects of various parameters such as contact pressure, variety of surface topographies 
and operational history.
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4.5.2. The effect of pressure on TCC
One of the major limitations in understanding the TCC for gas turbine applications is the 
availability of TCC data at pressures that are relevant to this field. Woodland (2009) has 
carried out an initial study on magnetic mild steel washers at high pressures. As 
explained in the earlier section the TCC measurement methodology used in this research 
study follows the study carried out by Woodland, et al. (2011). A large amount of 
literature work available on TCC of different materials considers various effects at low 
contact pressures up to about 6.5 MPa. Figure 4.14 shows the high pressure test carried 
out on the nickel alloy PEI6.
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Figure 4.14 High pressure test on nickel alloy PE16
The results presented are for the first load-cyele of two different test cases Tl and T2.
The washers under study were lapped to the dimensions and tolerances explained in
section 3.6. Both the specimens under study had very similar surface roughness values of
0.3 pm. Confidence in the repeatability of the experimental technique is justified as both
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the set of results lie within the calculated error bars. The variation in TCC values for both 
the tests were within 7% of each other. There is a clear increase in TCC as a function of 
pressure in both the test cases. The increase in TCC with pressure can be purely attributed 
to the deformation of the asperities. As the load increases the contact pressures 
experienced by each individual asperity also increases. As a result some of the asperities 
start to deform elastically while some deform plastically as well. Deformation of the 
asperities leads to an increase in the actual contact area, resulting in greater TCC values 
at higher pressures. Figure 4.15 shows the TCC result of PE 16 washers as a function of 
pressure carried out at low contact pressures.
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Figure 4.15 Low pressure test on PE16 Nickel alloy
This sets of washers were also lapped and had a surface roughness value of 0.3 pm. 
Similar observations can be made for the low pressure tests as before. TCC tends to 
increase with increasing applied pressure. It is of great interest to have a better 
understanding of the deformation process of the contacting asperities. Both the low 
pressure test and the high pressure tests are compared in Figure 4.16. TCC values are 
significantly lower at lower contact pressures as expected. But the low pressure result
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Figure 4.16 Comparison of low pressure and high pressure tests
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show a higher gradient compared to the high pressure results. This could be due to the 
different asperity deformation mode experienced by the two tests. Elastic deformation is 
expected to dominate at low contact pressures over plastic deformation. While for the 
high pressure test case, plastic deformation is expected to play a major role in asperity 
deformation.
4.5.3. The effect of surface roughness on TCC
It is widely believed that for a conforming contact the roughness aspect of the surface 
texture plays a dominant role in heat transfer between the interfaces. Figure 4.17 shows 
the effect of surface roughness on the TCC of PE I6 at low contact pressures. Two types 
of samples were examined, the first batch was lapped and the second batch was grit 
blasted to get a higher roughness. The lapped samples had a surface roughness value of 
0.3 p.m while the rough samples had a a  value of 2.2 |im. As can be seen, the smooth
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washers have a higher TCC value compared to rough washers. The variation in TCC 
values was about 182% at the lowest pressure and about 100% at the highest pressure. 
The reason for such large differences could be explained based on the actual contact area. 
For a rougher interface, the number of contacting points is understood to be significantly 
lower than for a smooth interface. This results in higher TCC values for a smoother 
contacting surface.
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Figure 4.17 Surface roughness effect on TCC for low pressure test on PE16
Such large differences were previously observed by other researchers for high pressure 
test cases [ (Chen, 2002) and (Woodland, 2009)]. In order for direct comparison with the 
literature observation, a high pressure test study was carried out on smooth and rough 
conforming geometries. The results of which are shown in Figure 4.18. The differences in 
TCC values between the smooth and the rough conforming geometry for the high 
pressure test case were about 88% and 116% at the lowest and the highest pressures 
respectively. This variation in TCC was similar to the low pressure test study giving 
better confidence in the observation.
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Figure 4.18 Surface roughness effect on TCC for high pressure test on PE16
4.5.4. The effect of length-scale on TCC
As shown in section 4.2, the gas turbine components tend to be a superposition of waves 
of different frequency bandwidth. This sub-section covers the effect of the different 
length-scales of surface topography that are generally found in engineering applications, 
with special reference to gas turbine casings. In order to understand the effect of different 
length-scales on TCC the surface topographies shown in Table 3.2 were examined. The 
fly-cut surface prepared for this test case was machined at a feed rate of 150 mm/min. 
Figure 4.19 compares the TCC results between conforming interfaces: i) lapped -  lapped; 
ii) grit blasted -  grit blasted; and non-conforming interface: fly-cut -  lapped. The 
conforming contact has a higher TCC value compared to the non-conforming contacts. 
This is due to the fact that, for a conforming surface the actual contact area tends to be 
higher than for a non-conforming contact. The major mode of heat transfer at an interface
78
is the spot conductance. As a result the heat transfers mainly through the contacting 
asperities. So for a conforming contact the constriction resistance is reduced due to the 
higher number of contacting asperities, thereby leading to an increase in TCC values. The 
TCC measured for the smooth conforming interface test was about 250% more that the 
value of the non-conforming result at the lowest pressure. While at the highest pressure 
the variation was about 87%. Such a big difference shows that the waviness aspect of the 
surface topography has a major influence in contact conductance. Another aspect that can 
be seen from Figure 4.19 was that increasing the surface roughness by about 7 times its 
original value had a similar effect on TCC as that introduced by the surface waviness.
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Figure 4.19 The effect of surface waviness on TCC of PE16 washers
Figure 4.20 shows the TCC results for non-conforming contacts. Based on the same 
principle as mentioned above, the difference between the non-conforming contacts could 
also be explained. In a fly-cut -  lapped interface, the contact usually occurs at the peak 
region of the wave. This in essence leads to a line contact. Fly-cut -  fly-cut washers 
orientated perpendicular to each other form point contacts, thereby reducing the contact 
area. While a fly-cut -  fly-cut parallel interface in theory should be similar to the fly-cut
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-  lapped interface forming line contacts. Interestingly the variation in the orientation of 
the washers does not have a significant effect on the TCC results. It is very difficult to 
align the washers such that the machining marks are parallel between mating surfaces. A 
slight misorientation of the washers could lead to contact with a mix of point contacts and 
partial line contacts at the interface. This reduces the actual contact area and thereby 
reducing the contact conductance. The fly-cut -  lapped interface has the largest actual 
contact area hence highest TCC. The difference between the fly-cut -  lapped interface 
and the two fiy-cut -  fly-cut interfaces vary between 9% and 61% over the pressure range 
under study.
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Figure 4.20 TCC results of non-conforming contacts of the nickel alloy PE16
Figure 4.21 shows the 3D surface topography of the tested samples that were aligned 
parallel to each other. The red region indicates the peaks while the blue region indicates 
the troughs. Imprints of the other surface that was in contact can be observed on the 
peaks. The permanent deformation occurs at an angle to the peaks of the surface, 
indicating that the peaks were not aligned exactly parallel to each other. It also clearly 
indicates that the contact regions experienced plastic deformation.
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Figure 4.21 Top view of the fly-cut samples arranged parallel to each other mapped
after the TCC test
Figure 4.22 shows the three-dimensional mapped image of the specimens that were 
arranged perpendicular to each other, taken after the TCC test. The red region indicates 
the peaks of the current samples and the blue region indicates the troughs. The imprint of 
the other fly-cut sample that was in contact with this surface is clearly visible. The plastic 
deformation has taken place only at the peaks of both the samples, strengthening the 
claim that the contact happens mainly at the peaks of the fly-cut samples. The 
deformation also reveals that the wavy geometries arranged perpendicular to each other 
lead to a point contact.
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Figure 4.22 Top view of the fly-cut samples arranged perpendicular to each other
mapped after the TCC test
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4.5.5. The effect of surface waviness on TCC
As seen earlier, waviness plays a primary role in determining the contact conductance. It 
is important to understand how much of an effect the variations in waviness have on 
TCC. The test case presented here examines how changing the frequency of waviness of 
a machined surface affects the contact conductance. Two batches of fly-cut washers cut at 
different feed rates were examined. The first batch was fly-cut on both sides at a feed rate 
of 150 mm/min while the second batches were fly-cut at 75 mm/min. For both batches of 
washers the cutting tool was rotating at 600 rpm. Altering the feed rate changes the 
amplitude and the frequency of the waviness, as a result the distances between the peaks 
will vary as shown earlier in Figure 4.1 and Figure 4.3. The washers cut at 150 mm/min 
have a waviness of a lower frequency compared to the washers fly-cut at 75 mm/min. 
Figure 4.23 shows how TCC varies with the frequency of the waviness.
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Figure 4.23 Variation in waviness frequency and its effect on TCC of PE16 washers
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The washers were orientated such that the waviness patterns were perpendicular to each 
other, thereby forming a ‘point’ contact. The interface with the higher frequency 
waviness has a higher TCC value than the interfaces with the lower frequency waviness. 
The values varied between 74% at the lowest pressure and about 16% at the highest 
pressure. This again can be explained based on the actual contact area theory. A surface 
cut at higher frequency tends to have more peaks over a set area compared to surfaces cut 
at lower frequency. As it is reasonable to assume that the fly-cut surfaces tend to contact 
mainly at the peaks, surfaces with more peaks will have more contacting points. This 
results in lower constriction resistance, which enhances the contact conductance.
4.5.6. The effect of loading and unloading on 
TCC
Hysteresis of TCC values for loading and unloading has been commonly observed in the 
past by previous researchers, for example see Madhusudana & Williams (1973), 
Williamson & Majumdar (1992). In this sub-section the amount of hysteresis seen for 
different surface topographical contacts will be explained. Figure 4.24 to Figure 4.27 
shows the hysteresis effect of PE 16 nickel alloy samples for different interface 
topographies. The results show a clear hysteresis effect for all the test cases irrespective 
of the interface surface topography, except for the lapped -  lapped contact. The error bars 
for the lapped test case during loading and unloading overlap at higher loads, but the 
trend is very similar to every other test case. Thus, it is reasonable to conclude that there 
is a hysteresis effect in the current study as expected on the basis of numerous previous 
studies. The reason for the hysteresis effect can be explained by the difference in 
deformation mode between loading and unloading. During first loading, as pressure 
increases some of the asperities that are in contact deform plastically while some deform 
only elastically. When the samples are unloaded, the asperities that deformed plastically 
do not regain their original shape. As a result the actual contact area is higher during
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unloading for the same contact pressure. This results in higher TCC during unloading 
compared to loading.
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Figure 4.24 Hysteresis effect on FC-Iapped interface of PE16 specimen
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Figure 4.25 Hysteresis effect on FC-FC parallel interface of PE16 specimen
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Figure 4.26 Hysteresis effect on FC-FC perpendicular interface of FE16 specimen
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Figure 4.27 Hysteresis effect on Lapped-lapped interface of FE16 specimen
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In order to support the claim that the asperities deform plastically on loading, the surface 
topography of the lapped surface that was in contact with a fly-cut specimen were 
mapped in 3D after the TCC test. The results of this experiment are shown in Figure 4.28. 
The imprints of the fly-cut specimen can be seen clearly on the lapped surface, showing 
the plastic deformation that occurred under loading. As the distance between the imprints 
represent the pitch of the fly-cut specimen, the earlier assumption that the contact occurs 
mainly at the peaks is justified. It also reveals that the contact between the wavy surface 
and a flat lapped surface leads to a line contact.
The highest variation in TCC between loading and unloading was observed at the lowest 
pressures, as expected. This is because the highest variation in the ratio of the real contact 
area to the apparent contact area between loading and unloading is expected at the lowest 
pressure. The percentage difference in TCC values for PE 16 samples at the lowest 
pressure for the lapped-lapped high pressure test was about 28%. While for the non- 
conforming contacts, fly-cut/lapped, fly-cut parallel and fly-cut perpendicular contacts 
the variation was about 71%, 85% and 78% respectively. The reason for the large 
difference between smooth conforming contacts and the non-conforming contacts could 
be explained based on the ratio of real contact area to apparent contact area. For smooth 
conforming surfaces there are more asperities in contact compared to non-conforming 
surfaces, hence the load is distributed over a larger surface area. As a result the plastic 
deformation experienced during loading of the asperities, for a given applied pressure, 
would be lower for the conforming geometry. Due to the lower plastic deformation, the 
difference between the contact area during loading and unloading will be lower for the 
conforming geometry when compared to the difference for a non-conforming contact.
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Figure 4.28 Top view of the lapped specimen that was in contact with the fly-cut
specimen
4.5.7. The effect of load-cycling on TCC
This sub-section reconsiders the claim made by some researchers that the load-cycling 
has some effect on TCC. The effect of load-cycling on TCC has been attributed to the 
variation of deformation mode during loading history [ (Li, et al., 2000), (Wahid & 
Madhusudana, 2003)]. It has already been suggested that such a claim is difficult to 
substantiate. In order to understand this effect a series of load-cycle tests were conducted 
on PE 16 washers with various interface surface geometries. A summary of the interface 
geometries under study is shown in Table 3.2
The test specimens were initially loaded to a maximum nominal pressure of 166 MPa in 4
steps, followed by unloading in the reverse order to a minimum pressure of 33 MPa again
in 4 steps. Measurements taken at every step were carried out only after the entire
assembly reached thermal steady-state. Thermocouple readings were generally recorded
for the 10^, 50^, and the 500^ cycle. In some cases only the first four cycles were
noted. Figure 4.29 to Figure 4.32 shows the load-cycling study conducted on various
interface geometry of PE 16 washers. One important observation that can be made was
that, after the first unloading, the TCC for any further cycle was similar to the unloading
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values, within the experimental errors. This shows that there was no measurable increase 
in TCC after the first unloading in disagreement with previous studies Li, et al. (2000), 
Wahid & Madhusudana (2003), Woodland (2009). Any increase in TCC observed by 
increasing the load-cycle is within the errors of the experiment. It is postulated that the 
observation of load-cycle effects made in earlier studies Li, et al. (2000), Wahid & 
Madhusudana (2003), may also be within the experimental errors.
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Figure 4.29 Load-cycling effect on PE16 lapped -  lapped washers
When two surfaces are in contact, only certain discrete asperities from each surface will 
contact the other surface. As the load is increased the initially contacting asperities will 
deform and so the mean distance between the two surfaces decreases. This will introduce 
newly contacting asperities and as a result the contacting area will increase. Some of the 
asperities deform only elastically whilst some of them will deform plastically after some 
initial elastic deformation. This process is on-going as the pressure is increased. Once the 
maximum load is reached and the interface is unloaded, the asperities that deformed 
plastically do not regain their original shape. This increases the actual contact area at 
lower loads during unloading compared to the contact area at the same loads on loading.
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Figure 4.30 Load-cycling effect on PE16 FC-Iapped washers
As a result the TCC is higher during unloading compared to loading at the same contact 
loads, leading to hysteresis effects. Assuming that the surfaces are not separated and they 
are loaded again, only the asperities that were in contact at the end of the first unloading 
will be in contact for the following new cycle. As the asperities that were in contact after 
the first unloading have already plastically deformed, for the same contact loads they will 
not deform any further than they already have after the first loading. This is expected to 
hold true as long as the contact loads at any given loading history do not exceed the 
maximum load of the first cycle and assuming there is no opportunity for the relative 
motion between the contacting surfaces if the pressure is removed. This argument 
suggests that thermal contact conductance for a given load should remain constant after 
the first loading-unloading cycle, as observed for the results presented here.
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Figure 4.31 Load-cycling effect on FE16 FC-FC washers oriented in parallel
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Figure 4.32 Load-cycling effect on PE16 FC-FC perpendicularly oriented washers
90
Tests were also carried out at lower contact pressures. A maximum contact pressure of 
6.4 MPa was applied in four steps, followed by unloading in the reverse order to a 
minimum pressure o f 0.86 MPa again in four steps. The results are shown in Figure 4.33. 
Similar observations can be made for this test case as well. No measurable load-cycle 
effect was seen after the first unloading. The results also show a clear hysteresis effect 
while unloading only after the first cycle. No measurable hysteresis effect is seen under 
the second unloading, giving further support to the above explanation.
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Figure 4.33 Load-cycling effect on PE16 grit blasted washers at low loads
91
4.6. Experimental TCC result for 316SS
4.6.1. Introduction
Corrosion and creep resistant steels are also commonly used in gas turbine application in 
the manufacturing of engine shafts and some IP and HP stator blades. 316SS which is an 
austenitic stainless steel is the most common and widely used material in industry that 
can represent this family of corrosion and creep resistant steel\ Large amounts of 
literature data are available on stainless steel for example Gmelin, et al. (1999), 
Yovanovich (2005), Woodland, et al. (2011) and many more. A direct comparison of 
stainless steel data with previous studies will give better confidence in the methodology 
used in this research work. A parametric study of TCC of 316SS specimens were carried 
out to investigate the effects of various parameters such as contact pressure, variety of 
surface topographies and operational history.
4.6.2. Effect of pressure on TCC
Previous researchers [ (Chen, 2002), (Woodland, 2009)] have reported the variation of 
TCC at relatively high pressures for stainless steel. In this section the trend observed for 
TCC measurement from low pressure test case to a high pressure test case study is 
examined. In order to show the repeatability of the experiments, two tests at low 
pressures were carried out initially. The results of which are shown in Figure 4.34. Both 
sets of washers were initially lapped and then grit blasted to a surface finish of 2.24 gm. 
The repeatability is very similar to what was observed for the PE 16 high pressure test
 ^ 316SS is not creep resistant, but has the same microstructure, identical physical properties and very 
similar mechanical properties to aerospace steels.
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case. The results are within 4% of each other. The increase in TCC with increasing 
pressure was as expected. Comparisons between the PEI6 test case and 316SS test case 
will be made in detail in section 4.8.
A similar trend was observed for the high pressure test case. The samples under study for 
the high pressure test case had similar surface roughness of 2.24 gm. The comparison 
between the low pressure and high pressure test case is shown in Figure 4.35. Again the 
trend is very similar to the one seen for PE 16 test case. The rate of increment in TCC 
with pressure tends to be higher for the low pressure test compared to the high pressure 
tests. The reason for this difference is believed to be similar to that explained earlier; i.e. 
the elastic deformation of asperities taking precedence for the lower pressure test case.
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Figure 4.34 Low pressure test on 316SS grit blasted washers
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Figure 4.35 Comparison of the high pressure and low pressure tests 
on 316SS grit blasted washers
4.6.3. Surface roughness effect on TCC
As shown in the earlier section for PE 16 (see Figure 4.17) roughness has an effect on the 
interface heat conductance. A similar study was carried out on smooth lapped 316SS 
washers and rough grit blasted 316SS washers, the results of which are shown in Figure 
4.36. Similar to the observation made earlier, a clear roughness effect can be observed. 
The rougher specimen has a lower TCC value than the smaller specimen by about 82% at 
the lowest pressure and about 24% at the highest pressure.
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Figure 4.36 Surface roughness effect on 316SS specimen
4.6.4. Length-scale effect on TCC
In an earlier sub-section, 4.5.4, an initial understanding of the importance of the non- 
conforming contacts on TCC was shown. The aim of this sub-section is to show how big 
an influence the non-conforming contacts have on heat transfer at the interface. Figure 
4.37 shows the comparison between conforming contacts and non-conforming contacts of 
specimens made out of 316SS. For the conforming contacts two different types of surface 
texture were under study, a smooth lapped surface with a cr value of 0.51 pm and rough 
grit blasted surface with a o  value of 2.24 pm. For the non-conforming contacts, the 
washers were fly-cut at a feed rate of 150 mm/min on one side while the other side were 
lapped to a surface roughness value of 0.5 pm. For the non-conforming surface the 
specimens were arranged such that the contact interface was between the fly-cut surface 
and the lapped surface. As can be seen, the smooth conforming surface has the highest 
TCC value as expected. While the wavy machined surface has the lowest TCC value.
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Non-conforming surface was lower by about 150% at lowest pressure and about 62% at 
the highest pressure when compared with the conforming rough surface. This shows that 
the non-conformity of the interface geometry has a bigger influence in TCC than 
quadrupling the average surface roughness. This justifies the claim that the macro aspect 
of surface texture such as waviness and flatness plays a primary role in predicting TCC 
for gas turbine applications.
Figure 4.38 shows the comparison between various non-conforming contacts. The three 
interface geometries that were examined were similar to the ones shown in the earlier 
section for PE 16. All the fly-cut surfaces were machined at a feed rate of 150 mm/min. 
Similar to the PE 16 test case the fly-cut parallel and fly-cut perpendicular orientation had 
very similar TCC values. As explained previously the difficulty in aligning the parallel 
washer accurately meant that instead of a line contact the machined groves contacted at 
an angle, thereby introducing both line and point contacts at certain locations. The values 
of the fly-cut -  lapped contacts were lower than the values seen previously. This could be 
due to a number of factors. The surface roughness of the lapped area for the 316SS FC -  
lapped contact was around 0.5 |im, while the surface roughness of the lapped region for 
the PE16 FC -  lapped washers were 0.3 gm. Due to the higher average surface roughness 
of the flat area, the actual contact area will be lower. Moreover looking at the flatness 
variation across the specimens used for FC -  lapped contact for the different materials 
shown in Table 4.2, reveals that the 316SS specimens had a higher average out-of- 
flatness compared to the PE 16 specimens. Higher flatness variation between contact 
results in lower actual contact area. Table 4.2 also reveals the variation in flatness 
measured across the engine component that was under study. The variations observed are 
similar to the values seen in 316SS washers.
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Figure 4.37 Comparison between TCC values of conforming contacts and
non-conforming contacts
Table 4.2 Flatness variation of various specimens under study
Interface
geometry
PE16
pm
316SS
pm
TÎ-6A1-4V
pm
Engine 
component (pm)
Lapped-Lapped 0.004 0.005 0.0057
FC-Lapped 0.021 0.0376 0.027 0.076
FC-FC (para) 0.0136 0.01 0.018
FC-FC (perp) 0.0143 0.0177 0.0104
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Figure 4.38 TCC results of non-conforming contacts
4.6.5. The effect of surface waviness on TCC
As shown by the PE 16 test case TCC is affected by the variation in frequency of the 
waviness patterns. Further test cases were examined for washers manufactured from 
316SS. The washers were manufactured similarly in the same way as the PE 16 ones. One 
set of washers were fly-cut on both sides at 75 mm/min while the other set of washers 
were machined at 150 mm/min. In this sub-section, results from four different studies 
have been summarised. Comparison has been made between washers with different 
frequencies for both parallel and perpendicular orientation. Figure 4.39 shows the 
comparison of the TCC result obtained for 316SS washers orientated perpendicular to 
each other. As observed in the earlier study, variations in frequencies have a small effect 
on TCC measurement. This trend was again captured in the 316SS test case. The TCC 
values differ by about 42% and about 57% at the lowest and highest pressures 
respectively. Surfaces having higher frequency waviness tend to have more peaks over a
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unit area compared to surfaces having lower frequency waviness. This tends to have an 
effect on the constriction of heat flow at the interface.
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Figure 4.39 Comparison of different waviness frequencies and its effect on TCC 
of machined washers contacting perpendicularly
Figure 4.40 compares the TCC results of washers orientated parallel to each other. Again 
a slight increase in TCC was observed, following the trends observed for the 
perpendicularly orientated washers of PE 16 and 316SS test case. Variation was within 49 
% and 24% at the lowest and highest pressures respectively. Such variation in TCC 
results between the two topographies shows that waviness plays an effect on TCC.
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Figure 4.40 Comparison of different waviness frequencies and its effect on TCC 
of machined washers contacting in parallel
4.6.6. The effect of loading and unloading on 
TCC
The previously documented phenomenon of hysteresis of TCC values for 
loading/unloading was reported earlier for PEI6. It was also shown that the hysteresis 
effect was higher for non-conforming contacts compared to conforming contacts. Figure 
4.41 to Figure 4.44 show the hysteresis effect on various interface geometries of 316SS 
specimens. For each test case the specimens under study were subjected to a maximum 
contact pressure of 166 MPa completed in 4 steps and this was followed by unloading to 
a minimum pressure of 33 MPa again in 4 steps. Temperature readings were noted at 
regular intervals between the maximum and minimum contact pressures. These results 
from the various test enhances the confidence in the earlier conclusion that the hysteresis
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effect does occur while measuring contact conductance. As previously noted the error 
bars for the conforming lapped test case tend to overlap at high pressures, but the trend of 
unloading TCC value being higher compared to TCC while loading was observed similar 
to the other studies. The existence of the hysteresis effect is again based on the different 
deformation mode during loading and unloading. The maximum difference in TCC 
measurement between loading and unloading was noticed at the lowest pressures as 
expected. These results also add weight to the conclusion made previously that the 
conforming contacts tend to deform plastically to a lesser extent compared to the non- 
conforming contacts. The percentage difference in TCC values for 316SS samples at the 
lowest pressure for the lapped -  lapped high pressure test was about 28%. While for the 
non-conforming contacts, fly-cut -  lapped, fly-cut parallel and fly-cut perpendicular 
contacts the variation was about 65%, 49% and 44% respectively.
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Figure 4.41 Hysteresis effect on FC-lapped interface joint of 316SS specimens
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Figure 4.42 Hysteresis effect on FC-FC parallel interface joint of 316SS specimens
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Figure 4.43 Hysteresis effect on FC-FC perpendicular interface joint of 316SS
specimens
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Figure 4.44 Hysteresis effect on lapped-lapped interface joint of 316SS specimens
4.6.7. The effect of load-cycling on TCC
The previous section reported a clear hysteresis effect after the first unloading to a 
varying extent depending on the contact interface geometries. The experiments on PE 16 
also showed that no further cycling effect happens after the first unloading, in 
disagreement with previous literature studies [ (Li, et al., 2000), (Wahid & Madhusudana, 
2003), (Woodland, 2009)]. In order to strengthen the hypothesis explained in section 
4.5.7 a load-cycling study was carried out on 316SS samples.
Tests carried out on 316SS samples were very similar to the previous PE 16 study. Study 
on both conforming contacts and non-conforming contacts are summarised in this 
section. Figure 4.45 to Figure 4.48 show the TCC results of load-cycle studies on various 
interface geometries of 316SS specimen. Results shown here support the hypothesis
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made earlier that there is minimal increase in TCC with operational history. A clear 
hysteresis effect was seen and any further increment was within experimental error.
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Figure 4.45 Load-cycle effect on 316SS lapped -  lapped washers
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Figure 4.46 Load-cycle effect on 316SS FC-lapped washers
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Figure 4.47 Load-cycle effect on 316SS FC-FC washers orientated in parallel
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Figure 4.48 Load-cycle effect on 316SS FC-FC perpendicularly orientated washers
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The studies conducted by Li, et al. (2000) and Wahid & Madhusudana (2003) were 
replicated for direct comparison. The samples were grit blasted to get a rough surface 
finish. A summary of the surface parameters and the material properties of the test 
specimen for the present study and those used in references [ (Li, et al., 2000), (Wahid & 
Madhusudana, 2003)] are shown in Table 4.3. The specimens were loaded from 0.86 
MPa to 6.4 MPa in 3 steps, followed by unloading back to 0.86 MPa in 3 steps. This was 
carried out for a maximum of twenty cycles. The results are shown in Figure 4.49. The 
results show a clear hysteresis effect only after the first unloading. No measurable 
difference in TCC was noted between loading and unloading after the first cycle.
Table 4.3 Roughness parameters and material properties of the test specimen
Material Surface
roughness-
(7q(pm)
Mean asperity 
slope- 
ma (rad)
Thermal
conductivity
(Wm-^K-^)
Present work 316SS-316SS 3.17 0.195 14.95
PE16-PE16 3.11 0.185 12.92
Wahid and 
Madhusudana 
[2003]
304SS-304SS 7.6 0.36 15
Li et al. [2000] 54SS-137SS 2.9 0.47 12.72
Figure 4.50 shows the variation in non-dimensionalised conductance with load-cycle at 
the highest pressures. TCC has been non-dimensionalised based on Equation 4.1. Details 
of non-dimensionalising TCC results of flat conforming surfaces will be discussed in 
detail later in section 4.9.
TCCda 
Cc =  -,----- -k.run
Equation 4.1
Where Cq, rria and ks represents the effective surface roughness, effective mean asperity 
slope and effective thermal conductivity respectively.
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Figure 4.49 Load-cycle effect on TCC at low loads for grit blasted interface
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It can be noted that for the present study there is an increase of 10% in TCC value 
between the first loading to the second loading in TCC measurement at 6.4 MPa. This 
was within the errors of the experiment. The value remains constant from the second 
loading onwards. While at the lowest pressure the difference between the first loading 
and unloading was about 25%. No further increment was observed in TCC value for 
further cycles at the lowest pressures. This shows no significant change in TCC at higher 
pressures after the first loading and no increment at the lower pressures after the first 
unloading. The results were compared with the study conducted by Li, et al. (2000) and 
Wahid & Madhusudana (2003). Li et al. came to a conclusion that the increase in TCC 
was about 16% within the first five cycles and it increases up to 17% by the 20^  ^ cycle. 
This is a significant increase in TCC at least within the first 5 cycles, but it is not clear 
what the increase in TCC was from the second cycle onwards. It could be argued that the 
increment in TCC should have taken place during the first unloading process and any 
further increment should be within the experimental errors. Similar observation can be 
made for the result presented by Wahid & Madhusudana (2003). The increase in TCC 
after the second cycle was about 7.4% and it increases up to 11% by the 20^  ^cycle. Both 
the studies failed to report a thorough account of the errors of their TCC values were 
subjected to. Thus there is insufficient evidence to suggest that there is an increment in 
TCC after the first unloading. Any ftirther increment after the first unloading could lie 
within the experimental errors. This appears likely as the experimental set-up in both the 
studies [ (Li, et al., 2000), (Wahid & Madhusudana, 2003)] used single interface tests, 
which may have higher errors than the multiple interface technique.
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4.7. Experimental TCC result for T1-6A1-4V
4.7.1. Introduction
One of the most popular and widely used alloys in gas turbines are the light weight 
titanium alloys. They are widely used in the manufacture of turbo fans, blades and discs 
in the LP (low pressure) and IP (intermediate pressure) compressors of modem jet 
engines. The discs are exposed to high structural loads imposed by rotating blades. In 
addition to that, they are also exposed to high thermal loads arising from the temperature 
variation between the hotter rim and the cooler core. Materials suitable for these kind of 
applications generally tend to have a low ratio of (modulus x coefficient of 
expansion)/low-cycle fatigue strength. Various titanium alloys are widely used for these 
applications as they demonstrate low values of coefficient of expansion and elastic 
modulus, and at the same time they have a high value of low cycle fatigue strength. They 
also have a very high strength to weight ratio. Ti-6A1-4V is commonly used to 
manufacture fans and compressors components that are exposed to lower temperatures. 
Only a limited amount of TCC work has been carried out on Ti-6A1-4V. In addition to 
the limited experimental knowledge of T1-6A1-4V, it also has a number of features that 
distinguish it from the other metals, such as PE 16 and 316SS that were examined earlier. 
It has a complex multiphase microstructure consisting of mixture of a  phase and p  phase. 
As a result of these varying characteristics, it is critical to validate the conclusions 
derived from the previous sections with Ti-6A1-4V washers.
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4.7.2. The effect of pressure on TCC
Figure 4.51 shows the comparison between the low pressure test and high pressure test 
carried out on Ti-6A1-4V specimens. The specimens were initially lapped and then grit 
blasted to get a rough surface with a a  value of 1.1 |im. Both the experiments showed 
similar trend to the other two materials reported earlier, i.e. TCC values increases with 
pressure. It followed the previous trend where the rate of increase in TCC measurement 
for the low pressure test was higher compared to the higher pressure test. Thereby giving 
further evidence that at low pressure test cases, the elastic deformation takes precedence 
compared to plastic deformation.
14000 1
□  Low pressure test 
A high pressure test12000  -
10000  -
N
Ê
5
8000 -
6000 -uu
I-
4000 -
2000  -
8020 40 60 100 120 140 160 1800
Pressure (MPa)
Figure 4.51 Effect of pressure on TCC measurement of rough T1-6A1-4V specimens
Figure 4.52 shows the similar study conducted on lapped smooth T1-6A1-4V specimens. 
The washers were lapped to give a surface roughness value of 0.5 pm. While it follows 
the trend observed previously, the TCC values recorded was a lot higher than previously
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seen. It ean be seen that the high pressure test case is subjected to large error bars. The 
errors are expected to be higher for higher TCC measurements due to the reasons 
mentioned earlier in section 3.4. The reason for such high TCC values for both low 
pressure and high pressure tests on smooth samples are not completely understood, but a 
possible explanation can be made based on further comparisons. This is done in the next 
sub-section.
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Figure 4.52 Effect of pressure on TCC measurement of smooth Ti-6A1-4V specimens
4.7.3. The effect of surface roughness on TCC
Due to the complex microstructure of Ti-6A1-4V, understanding how the surface 
preparation technique affects the surface texture was critical. The TCC results shown in 
the above sub-section was further analysed based on the variation of surface roughness 
configuration. Figure 4.53 shows the comparison of TCC result between the conforming 
smooth and rough contacts at low pressures. As seen earlier there is a difference between 
the two conforming contacts, the rougher specimens displays a lower TCC compared to
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smoother specimens. The results show that by increasing the roughness by just above 
twice the original value the TCC values decreases by more than 5 times the initial value. 
Such a huge variation was not seen in the previous test cases on PE 16 and 316SS 
specimens. The reason for such a big variation might be explained based on the 
complexity of the microstructure and its effect on the properties of the asperities. This 
will be examined in detail further on in this section. Another interesting, but at the same 
time puzzling observation, that could be made from this result was the extremely large 
TCC value for the smooth contacts at low pressures. The values observed for the low 
pressure smooth tests were in the region seen for high pressure smooth test cases for both 
PE16 and 316SS specimens. Lambert, et al. (2006) made similar kind of observations. 
According to their study the results obtained for contacts between flat T1-6A1-4V 
specimens had unusually high TCC values when compared with the non-flat results. This 
behaviour was attributed to the uncertainties of the experiment. The experimental set-up 
used for that test case was the single interface technique. As a result higher uncertainties 
are expected, however this conclusion does not completely explain the unusual 
behaviour. A direct comparison of the present study with the experimental data from 
Lambert et al. may not be appropriate because the mechanical properties of the alloys can 
be varied over a wide range by i) heat treatment, ii) thermo-mechanical treatment and iii) 
cooling rate (Filip, et al., 2003). Lambert, et al. (2006) do not report how the alloy they 
used was processed on its mierostructure.
In order to gain a better understanding of these results, the higher pressure test cases of 
different surface roughness specimen were compared. The result of this comparison is 
shown in Figure 4.54. Again a similar trend can be observed for the high pressure test 
case. Doubling the surface roughness values reduces the TCC values by more than five 
and a half times at the lowest pressure and more than ten times at the highest pressure. 
Extremely high values of TCC were recorded for smoother specimen at higher pressures, 
which is surprising taking into account the average thermal conductivity value for the Ti- 
6A1-4V was around 7.2 Wm'^K"\ But at the same time the rougher specimen tends to be 
subject to much less error, with lower values of TCC, similar to the low pressure test case
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Figure 4.53 Surface roughness effect on TCC at low pressure on T1-6AI-4V washers
study. From Figure 4.53 and Figure 4.54 the high TCC values are seen only for flat and 
smooth TCC values, similar to the findings of Lambert, et al. (2006).
One of the possible reasons for such high TCC results for flat contacts could be attributed 
to the complex mierostructure of Ti-6A1-4V. The mierostructure of the present material is 
shown in Figure 4.55. It consists of a structure composed of a  phase and Widmanstatten 
structure with primary (a) and secondary (a') alpha laths in a /? matrix. The solid white 
feature are a  phase while the other constituent is a mixture of Widmanstatten needle 
shaped precipitate o f  a + j3 micro-constituent. The mechanical and thermal properties, 
such as the hardness and the thermal conductivity, exhibited by the mixture o f a  + P vary 
based on the chemical composition and the heat treatment process. Nevertheless a simple 
comparison between the different constituents will help to identify the difference in the 
properties. Structurally, the a  phase is hexagonal closed-packed, while the p is a body 
centred cubic structure. They exhibit very different material properties. The a + p  micro­
constituent tends to be hard, strong and less ductile than the softer a  phase (Higgins,
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1993). The micro-hardness values of  a + P tend to be almost one and a half times the 
value of a  phase. Veeck & David (2007) demonstrated that the hardness of the 
Widmanstatten precipitates of a + p  tend to alter with respect to the heat treatment. The 
a  phase has a higher thermal conductivity, almost double that of the a + p  micro­
constituent. Table 4.4 shows the thermal and mechanical properties of the various 
constituents of the Ti-6A1-4V materials and the properties of the bulk material itself. A 
new titanium alloy Ti-5553 (Ti-5Al-5Mo-5V-3Cr), has a Widmanstatten mierostructure 
having primary and secondary alpha alloys as shown in Figure 4.56. The mierostructure 
of this material resembles the a + P constituent of the present material under study. As a 
consequence the properties of the Ti-5553 alloy will be used to represent the properties of 
the a + p  constituent. Wagner, et al. (2010) published a work that examines the various 
mechanical and thermal properties of Ti-5553 alloy.
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Figure 4.54 Surface roughness effect on TCC at high pressure for Ti-6A1-4V
washers
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Table 4.4 Comparison of micro-hardness and thermal conductivity of the various
constituents of Ti-6A1-4V alloy
Commercial pure Ti 
(cr)
Ti-5553 alloy 
{a +  P)
T1-6A1-4Y Bulk 
material
Vickers Hardness 200 370 337
Thermal conductivity 
t (W m 'K ')
16 9.4 7.2
io
a +  p
Figure 4.55 A secondary electron image of the mierostructure of the as received
Ti-6A1-4V
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Figure 4.56 Mierostructure of Ti-5553 alloy illustrating the Widmanstatten 
mierostructure having primary and secondary alpha alloys in a beta matrix
(Veeck & David, 2007)
When two Ti-6A1-4V surfaces come in contact, the contacting asperities will be a mixture 
of both a phase and a + p constituent. Table 4.4 shows that there is a significant 
variation in the material properties between the a phase and a + p  constituent. The 
thermal conductivity used to calculate TCC values in this research work was the value 
obtained for the bulk material. This value was closer to the value observed for the a + p  
constituent but it was almost half that of the value observed for a typical a  phase. As 
explained earlier these values could vary between batches depending on the exact 
chemical composition and the heat treatments, but it gives a reasonable idea about the 
difference in properties exhibited by the two phases in the Ti-6A1-4V alloy. The variation 
in values raises some uncertainty in the TCC calculation, which is not taken into account 
in the calculation. As shown earlier, in section 4.3, small errors in thermal conductivity 
used for calculating TCC lead to significant errors in TCC. When the washers are grit 
blasted there is a higher probability for the softer a phase to be eroded more than the 
harder a + p  constituent. This could result in the crest of the surface asperities being 
dominated by the a  + ^  constituent while the troughs will be predominantly a phase. As 
a result when the rougher specimens come in contact there is a higher probability for the 
cr + ^  to be in contact with each other. Being a harder constituent with a lower thermal 
conductivity, lower TCC values are expected. This could mean that the TCC of contacts
1 1 6
between Ti-6A1-4V alloys will depend on the ratio of the spread of the a  phase and 
a + p  constituent on the surface of the specimen. In order to have a better understanding 
of the contaet eonductance for materials with eomplex mierostructure such as Ti-6A1-4V, 
an in-depth analysis should be carried out to have a better understanding of the effect of 
mierostructure on TCC. This aspect was not explored in the current research study. The 
effect of the microstrueture is examined in a little more detail by using the standard 
theoretical models in the later section.
4.7.4. Length-scale effect on TCC
As shown previously, the complexity of the mierostructure of the Ti-6A1-4V alloy could 
have an effect on the TCC measurements. As a result, it is vital to further understand how 
this could affect other mating interfaces. No prior work is available on this topic. All the 
fly-cut samples referred to in this section were eut at a feed rate of 150 mm/min. Figure 
4.57 shows the comparison between two conforming contacts (lapped and grit blasted 
contacts) and a single non-conforming contact (fly-cut -  lapped contacts). As explained 
earlier for the conforming smooth contacts the uncertainties arising due to the complexity 
of the mierostructure results in large TCC values. Interestingly for the non-conforming 
contact the TCC values recorded were relatively low, similar to the rough conforming 
contacts. Again the exact reason for this behaviour is not known. One possible 
explanation could be that for the fly-cut -  lapped surface the actual contact area are a lot 
less than for the conforming contacts. It is assumed that the contact happens only at the 
peak of the wavy surface. The amount of variation between the a phase and a + p  
constituent at the contacting region are expected to be lesser when compared with a 
smooth conforming contact. This reduces the uncertainties arising due to the multiphase 
mierostructure of Ti-6A1-4V alloys. Similar observation can be deducted from the study 
conducted by Lambert, et al. (2006). Their study has shown that at very low pressures of 
about 4 MPa, T1-6A1-4V contacts with higher flatness deviation tend to have lower TCC 
value compared to smooth conforming contacts.
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Figure 4.57 Comparison between TCC values of conforming contacts and 
non-conforming contacts for Ti-6AI-4V washers
Figure 4.58 shows the comparison between various non-conforming contacts for Ti-6A1- 
4V washers. The behaviour of eontacts between fly-cut -  fly-cut parallel and 
perpendicular orientated washers were similar to the previous test cases of PE 16 and 
316SS. Values obtained for the fly-cut -  lapped results were also similar to the non- 
conforming test cases of PE16 and 316SS contacts. The fly-cut -  lapped contact reveals 
lower contact conductance values and are identical to the fly-cut parallel and 
perpendicular test ease. Table 4.2 shows the flatness variation of the various samples 
under study. The flatness variation for the Ti-6A1-4V washers was not as large as that 
shown by the 316SS samples, nevertheless it had larger flatness variation when eompared 
to the two fly-cut specimens. There is also a possibility that the ratio of the a phase to the 
a + p  constituent across the interfaces could be different for the three test cases shown in 
Figure 4.58. This could have an effect in overall TCC value. It is very difficult to 
measure the distribution of the two microstruetural eonstituents within the eontacting 
points across the surface of the specimens to prove this hypothesis. In order to study the 
mierostructure under the SEM, the samples need to be polished and etehed. Polishing and
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etching will result in removing the surface asperities, hence making this technique not 
useful to interpret the mierostructure of the contacting asperities.
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Figure 4.58 TCC results of non-conforming contacts for Ti-6A1-4V washers
4.7.5. The effect of loading and nnloading on 
TCC
Experiments from the last two sections on PEI6 and 316SS have revealed that the heat 
transfer at the interface joints was affected by operational history only until the first 
unloading. Any further increase in TCC ean be neglected. Figure 4.59 to Figure 4.61 
shows the hysteresis effect on smooth and rough conforming washers of Ti-6A1-4V. 
Interestingly it does not reveal any significant hysteresis effect even on the first 
unloading. This trend is inconsistent with the trends observed for the other two materials.
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Figure 4.59 Hysteresis effect on Ti-6A1-4V grit blasted washers at high pressure test
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Figure 4.60 Hysteresis effect on Ti-6AI-4V grit blasted washers at low pressure test
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Figure 4.61 Hysteresis effect on Lapped Ti-6A1-4V washers
The highest hysteresis effect for both the PE 16 and 316SS test cases were seen on the 
non-conforming interface contacts. As a result a test study was carried out on non- 
conforming washers of Ti-6A1-4V. Figure 4.62 to Figure 4.64 shows the test result for 
hysteresis effect on non-conforming contacts of Ti-6A1-4V washers. These graphs show 
some hysteresis. The maximum difference between loading and unloading was observed 
at the lowest pressure as expected. The difference was about 28%, 38% and 45% for the 
fly-eut -  lapped, fly-eut parallel and perpendicular orientated washers respectively. These 
difference were not has high as previously seen for the other two materials.
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Figure 4.62 Hysteresis effect on fly-cut -  lapped Ti-6A1-4V washers
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Figure 4.63 Hysteresis effect on fly-cut -  fly-cut parallel orientated Ti-6A1-4V
washers
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Figure 4.64 Hysteresis effect on fly-cut -  fly-cut perpendicularly orientated Ti-6A1-
4V washers
To understand the limited hysteresis effect on conforming contacts and the low hysteresis 
effect on non-conforming contacts a compressive test was performed on all the three 
materials. The tests were performed using an Instron SATEC series universal machine 
with 600 kN load cell. It has a server aetuator capable of 500 mm of axial travel. A 
dynamic axial clip-on extensometer with a gauge length of 12.5 mm was used to measure 
the extension. The samples were cylindrical in geometry and were prepared aceording to 
the ASTM E9 standard. The results for these eompressive tests are shown in Figure 4.65.
The initial linear region with a high gradient is the elastic region where the deformation 
takes place elastically. The non-linear seetion with a lower gradient is the plastic region 
where work hardening oecurs. The modulus of elasticity of the speeimen can be 
calculated by finding the slope of the elastic region. The true elastic modulus calculated 
from the present test is compared with the typical values for the three materials available 
from the manufacturer in Table 4.5. The elastic modulus was calculated by finding the 
slope of the elastic region.
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Figure 4.65 Compressive test result on PE16 Nickel alloy, 316SS and Ti-6A1-4V
Table 4.5 Mechanical properties of the materials under study
Materials Modulus of elasticity 
(Present study) 
GPa
0.2% Proof Stess 
(Present study) 
MPa
Youngs Modulus 
(typical values) 
GPa
PE 16 Nickel Alloy 187 385 198
316SS Stainless Steel 183 475 193
T1-6A1-4V 119 985 113.8
Comparing the 0.2% proof stress obtained from the test data reveals that the value for Ti- 
6A1-4V was almost double that of the other two materials. For the conforming contacts 
the actual contact area is higher when compared with the non-conforming contacts. As a 
result the stresses experienced by the individual asperity are spread over a wider region. 
Due to the high proof strength for the Ti-6A1-4V specimens, the plastic flow occurs only 
after it experiences stresses above 985 MPa. This could mean that the stresses
124
experienced by the contacting asperities of the conforming interface do not exceed this 
yield point. The only mode of deformation during loading for the Ti-6A1-4V specimens 
could have been elastic. Since the asperities deform elastically, during unloading the 
actual contact area remains same as what it was during loading at the same contact 
pressure. This results in no hysteresis effect. While in the case of PE16 and 316SS 
specimens the yield point occurs at a lower stress levels for the same real contact area, 
hence more asperities deforming plastically.
For the non-conforming contacts, as the actual contact area is smaller, the stresses 
experienced by the contacting asperities at a certain applied load will be higher compared 
to the conforming test. This would result in a combination of both plastic and elastic 
deformation of the asperities, but the dominant mode being elastic. This could explain the 
hysteresis effect but to a lesser extent for the non-conforming contacts.
4.7.6. Load-cycling effect
To further strengthen the claim made previously about the operational effect on TCC, 
more load-cycling tests were conducted on Ti-6A1-4V washers. Load-cycle studies were 
carried out on both conforming and non-conforming contacts. Figure 4.66 shows the 
result of the study carried out on conforming contacts. Interestingly the results show a 
non-uniform spread of TCC results for the various cycles. On completion of the test, 
when the washers were removed from the assembly they were held together due to cold 
welding. Cold welding was observed by Woodland (2009) for the test conducted on soft 
mild steel specimens. The study carried out by Kobayashi, et al. (1998) has revealed that 
adhesion at the contact interface is directly proportional to the actual contact area and that 
it tends to happen more regularly between soft contacting materials. Also, the likelihood 
of cold welding on metal increases if the contact is clean without any impurities such as 
the oxide layers. Titanium and its alloys are known to have thin oxide layers that can 
break under low loads and exposes the metal surface. This increases the likelihood of
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cold welding. In addition, it is also understood that the chances of cold welding increases 
when contact occurs between soft materials. Hence the presence of the softer a phase 
could lead to cold welding, which results in higher uncertainties in TCC values. This also 
helps to explain the load-cycling previously seen by Woodland (2009) even at 100‘^  load- 
cycle. In his work the spread of TCC results might have been non-uniform due to the 
presence of cold welding and the difference in TCC values must have been within the 
errors of the experiments.
Figure 4.67 to Figure 4.69 show the load-cycle study conducted on various non- 
conforming contacts. As expected no load-cycle effect is seen after the first unloading. 
Thereby, strengthening the initial hypothesis on load-cycle study made earlier.
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Figure 4.66 Load-cycle study on lapped-lapped Ti-6A1-4V washers
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Figure 4.67 Load-cycle study on fly-cut-lapped Ti-6A1-4V washers
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Figure 4.68 Load-cycle study on T1-6A1-4V fly-cut -  fly-cut washers orientated in
parallel
127
O 1 st loading A 2nd loading
♦  1 st unloading X 3rd loading
35000
30000 -
25000 -
C?
E
5
20000  -
15000 -
10000  -
5000 -
8040 60 100 120 140 160 1800 20
Pressure (MPa)
Figure 4.69 Load-cycle study on T1-6AI-4V fly-cut -  fly-cut perpendicularly
orientated washers
4,8. The variation of TCC with material
Theoretical models available in the literature tend to model TCC as a function of asperity 
deformation under normal contact loads. There are various elastic and plastic theories 
(see section 2.5.1) to predict the asperity deformation. Based on Woodland (2009), for 
the highest pressures under study in this research, TCC models based on plastic 
deformation theory tend to give a better prediction. The plastic deformation theory tends 
to assume the deformation of the asperity as a function of the material strength. Most of 
the models (such as (Cooper, et al., 1969), (Yovanovich, 1982)) assume that the micro­
hardness of the softer material in contact describes the material strength. But this 
assumption is not common between models. As micro-hardness values of metals are not
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readily available in literature, other studies ( (Woodland, 2009), (Vishal, et al., 2005)) 
have also used yield strength as a parameter to show the effect of material strength.
It is widely assumed that the TCC at the interfaces formed by harder materials tend to be 
lower when compared with the TCC between softer materials. In order to substantiate this 
claim comparison between the tests conducted on 316SS and PE 16 specimens were 
carried out. Due to the complexity of the mierostructure of Ti-6A1-4V and the difficulty 
in obtaining the exact mechanical properties of the different constituents present in the 
alloy, only the nickel and stainless steel washers were compared. The comparisons were 
made between both the conforming contacts and also non-conforming contacts. Figure 
4.70 shows the comparison between 316SS and PEI6 test cases for conforming contacts. 
It is widely understood that the thermal conductivity of the specimens has an effect on 
TCC. As a result in order to negate this effect, the TCC values were normalised based on 
the thermal conductivity of the materials.
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Figure 4.70 Variation in TCC with materials for conforming interfaces
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To understand the variation in the stress/strain behaviour of the materials, the mechanical 
properties obtained from the compressive tests (see Figure 4.65) were compared. The 
results of the compressive tests are summarised in Table 4.5. From the comparison it is 
clearly evident that the PE 16 has a lower yield point compared to 316SS and also PE 16 is 
ductile. For the same stress, beyond the yield stress PE 16 deforms more compared to 
316SS specimens. From the TCC tests it is clearly evident that the nickel alloy has a 
higher contact conductance for the smooth and rough conforming interfaces. This is true 
even at low pressures. The variation between the two materials at different interfaces for 
the conforming contact is summarised in Table 4.6. The difference tends to be highest at 
the highest pressures. As the PE 16 exhibits greater ductility, the contacting asperities are 
expected to deform more, for a given contact load. This increases the actual contact area, 
thereby increasing the contact conductance.
Table 4.6 The % difference between the two materials at the highest and lowest 
pressures for the three conforming interface geometries
Interface geometry At the highest pressure (%) Lowest pressure (%)
Lapped -  Lapped 153 52
Grit blast high pressure 45 47
Grit blast low pressure 152 125
To further demonstrate this material strength effect, more comparisons were carried out 
on non-conforming contacts of PE 16 and 316SS specimens. The result of which is shown 
in Figure 4.71. Again the comparison shows a clear effect of material strength on TCC. 
The difference between the two materials at the highest and the lowest pressures were 
summarised in Table 4.7. Similar trends observed for the conforming contacts were seen 
for the non-conforming contacts. The highest difference again happens to be at the 
highest pressures. Comparisons between the conforming and non-conforming tests give a 
better confidence in concluding that the material strength plays a crucial role in 
interfacial heat conductance.
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Figure 4.71 Effect of material strength on TCC for non-conforming interfaces
Table 4.7 Shows the % difference between the two materials at the highest and 
lowest pressures for the three non-conforming interface geometry
Interface geometry At the highest pressure (%) Lowest pressure (%)
FC-Lapped 171 96
PC -  FC para 58 38
FC -  FC perp 109 11
4.9. Normalisation and modelling of TCC for 
conforming surfaces
Woodland, et al. (2011) compared the various literature models to predict TCC with the 
experimental results. Based on this work the plastic model proposed by Yovanovich 
(1982) gives the best comparison with the experimental results. As the Yovanovich
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model is for TCC of contacts in vacuum it failed to predict the slope of the experimental 
results. Woodland also proposed that by combining the vacuum model (Yovanovich, 
1982)) along with the gap eonductance model proposed (Yovanovich, 1981), a better 
comparison could be obtained with the experimental results. The Yovanovich model was 
based on the plastic deformation theory, where one of the assumptions was that the 
asperity deformation was a function of the micro-hardness of the material under study. 
The most commonly used literature models along with the one proposed by Yovanovich, 
assume that the surface roughness is the principal effect on the heat conductance at the 
interface. It tends to ignore any effect caused by the other component of surface 
geometry. As a result contacts formed by flat non-wavy surfaces cannot be compared 
with these models. This sub-section examines non-dimensionalising the experimental 
results for conforming interfaces based on the plastic deformation theory.
4.9.1. Normalisation of TCC based on plastic 
deformation theory
Non-dimensionalisation is usually carried out to remove those parameters from an 
equation to facilitate an appreciation of the role of other variables. Thermal contact 
conductance is mainly affected by the surface geometry and thermal conductivity. As 
explained earlier, the literature models for conforming joints tend to ignore any effect 
introduced by the surface waviness on TCC and concentrate only on the surface 
roughness aspect. Equation 4.2 shows the traditional way of non-dimensionalising TCC
_  TCCaq Equation 4.2
ksTUa
Where Cc represents the non-dimensionalised TCC, <Tq represents the effective surface 
roughness, rria stands for the effective mean asperity slope and ks represents the effective 
thermal conductivity of the materials. The ratio between a and m roughly represents the
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asperity pitch, i.e. the distance between the corresponding peaks. The effective surface 
roughness and mean asperity slope are represented by Equation 2.6 and Equation 2.7 
while the effective thermal conductivity is represented by Equation 4.3
Equation 4.3
Table 4.8 summarises the parameters for the conforming specimens in this study. It is 
widely understood that the deformation of asperities plays a significant role in contact 
conductance. As a result, in order to compare various data it is also important to 
normalise the result with the contact pressure. This takes into account the varying degrees 
of asperity deformation of different materials. In this research work the experimental 
TCC data were compared with the TCC model based on plastic deformation theory 
recommended by Woodland, et al. (2011). For the plastic models it is common to 
normalise the pressure with the micro-hardness (He) of the material and is expressed as 
shown in Equation 4.4.
Table 4.8 Surface parameters of materials used
316SS PE16 T1-6A1-4V
Lapped Grit blasted Lapped Grit blasted Lapped Grit blasted
(fl,2
(pm)
0.512 224 0.28 2.097 0.501 1.08
(pm)
0.724 3.168 0396 2.965 0.71 1.528
0.072 0.192 0.037 0.185 0.0699 0.102
0.102 0.271 0.053 0.261 0.099 0.144
ks
(W m 'K ')
14.94 14.94 12.9 12.9 7.3 7.3
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Equation 4.4
Where ci and C2  are the coefficients obtained from the Vickers hardness correlation. The 
Vickers hardness experimental result, obtained based on the methodology described in 
section 3.8, when correlated using a power law shown in Equation 4.5 gives the 
coefficient values.
Hv = Cl with d o = \ \ m v  Equation 4.5
Where 77^is the Vickers hardness value and dyis the measured average Vickers diagonal. 
Introduction of do transforms the ratio of dy/do to a dimensionless parameter. The 
coefficient c i  represents the Vickers micro-hardness value when d y  =  d o ,  while C2 is the 
size index and is dimensionless.
In order to get the parameters required to non-dimensionalise the contact pressure, 
Vickers hardness values for a range of indentation loads (25, 50, 100, 200, 300gf) need to 
be measured. The reason for the wide range of indentation loads chosen was because it is 
widely understood that the Vickers hardness values are a function of the load applied. 
This can be seen in Figure 4.72. Ten values per each load were calculated, and these were 
averaged to obtain the Vickers hardness value for the particular indentation load. For all 
the three materials chosen, as the load increases the Vickers hardness decreases. It can 
also be seen that the T1-6A1-4V has the highest Vickers hardness value over the range of 
indentation loads applied. While PE16 and 316SS shows a similar variation in the 
Vickers hardness values over the range of loads applied.
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Figure 4.72 Vickers hardness variation with applied load for the materials under
study
In order to obtain the Vickers hardness correlation coefficients, the Vickers hardness 
values are plotted against the Vickers diagonal length over the range of indentation loads. 
The Vickers diagonal length increases with increasing indentation load. The power law 
correlation based on that test data gives the values for ci and C2 . Figure 4.73 shows the 
Vickers hardness values plotted against the Vickers diagonal for the PEI6 specimens. 
The results show significant scatter mainly at the lower indentation loads, thereby 
showing the importance of multiple measurements at the same loads. This could be a 
combination of the errors of measurement at the lowest indentation load and local 
variation of the microstructure of the PE 16. Nickel based creep resistant alloys have a 
gamma matrix, y, reinforced with gamma prime, precipitates. These gamma prime 
precipitates are stable, very small intermetallic compounds Ni3 (Al,Ti) which are evenly 
dispersed. The y ' precipitate enhances stability at elevated temperatures and increases the 
resistance to dislocations. The presence of the y  matrix along with the y ' precipitates in 
the microstructure could lead to a larger scatter in micro-hardness measurement. The 
measured Vickers hardness values are very sensitive to the diagonals measured. Hence a
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Figure 4.73 Vickers micro-hardness value for PE16 specimens
small error in the diagonal could be extrapolated in the overall measurement of the 
Vickers micro-hardness values. The plot also shows the error increases with decreasing 
diagonal length. The calculated values of the Vickers hardness correlation coefficients ci 
and C2 were 10,749 MPa and -0.4479 respectively.
Figure 4.74 shows the variation of Vickers hardness against the Vickers diagonal for 
316SS samples. The scatter at the various loads was again visible for this test case but not 
as prominent as for PEI 6. As in the previous test case the scatter of the Vickers hardness 
value decreased with increasing diagonal length. The values obtained for ci and C2 using 
the power law correlations were 7,222.3 MPa and -0.3499.
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Figure 4.74 Vickers micro-hardness value for 316SS Stainless Steel
Figure 4.75 shows the Vickers hardness values plotted against the Vickers diagonal for 
T1-6A1-4V Titanium alloy. As explained earlier Ti-6A1-4V alloy possess a multiphase 
microstructure as shown in Figure 4.55. The two phases displays different hardness 
values. As a result the high amount of scatter seen at various loads could be attributed to 
the properties of the two-constituents present on the surface of the alloy. The calculated 
values for ci and C2 were 5,121.1 MPa and -0.1428 respectively.
As explained earlier the dimensionless TCC shown in Equation 4.2 was valid only for the 
conforming surfaces where surface roughness plays the primary role in contact heat 
conductance. As a result only the results obtained for the conforming contact geometries 
were considered in this section. The contact pressure was normalised based on Equation 
4.4. Figure 4.76 shows the dimensionless contact conductance plotted against the 
dimensionless contact pressure for both the smooth and rough conforming contact test 
cases carried out at high pressure. Both the PEI6 and 316SS smooth and rough study 
collapse to within comparable values. While for the smooth T1-6A1-4V test study the
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Figure 4.75 Vickers micro-hardness value for Ti-6A1-4V Titanium alloy
values had a larger scatter. This could be explained based on the fact that the various 
plastic deformation theories developed are based on a micro-hardness value of the softer 
metal. As explained earlier the Ti-6A1-4V alloy has a complex microstructure where the 
a phase are meant to be softer compared to a + p  constituent. The Vickers hardness 
correlation coefficients chosen for the non-dimensionalising were based on the bulk 
material and not of the softer alloy. Interestingly the non-dimensionalised result of the 
rougher T1-6A1-4V test case seems to collapse with the other two materials. As explained 
in the previous section (section 4.7.3) when the samples are grit blasted, the grit tends to 
remove the material from the surface of the specimen. As the Ti-6A1-4V material has two 
different alloys, the chances of the softer a phase being eroded is higher. This could 
result in the asperities at the highest peak to be predominantly the harder a + p  
constituent. As a result contact between the rougher specimens will generally happen 
between the two sets of a + p  constituent. Thereby giving rise to more uniform asperity 
deformation across the surface. From the general understanding, the values for the 
Vickers hardness coefficients for the bulk material are comparable to the values of the
138
Vickers hardness coefficients of the a + p constituent. This hypothesis to an extent is 
strengthened by the non-dimensionalised results shown in Figure 4.76.
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4.76 Dimensionless contact conductance vs dimensionless contact pressure 
for the high pressure test cases
In order to substantiate the claim made on Ti-6A1-4V specimens, the tests carried out at 
low contact pressures for the conforming geometries were also non-dimensionalised as 
explained previously. The comparison of the result is shown in Figure 4.77. As 
previously, the PE16 and 316SS results collapse within an acceptable limit. The scatter of 
the smooth Ti-6A1-4V result was large, similar to the high pressure test case. Similarly to 
the previous result, the rougher T1-6A1-4V non-dimensionalised data collapses to a better 
extent with the experimental data from PE 16 and 316SS test case. Thereby strengthening 
the hypothesis on multiphase titanium alloys.
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Figure 4.77 Dimensionless contact conductance vs dimensionless contact pressure
for low pressure test cases
4.10. Concluding Remarks
It has been shown that the vast amount of literature on TCC do not account for a wide 
range of surface topographies. So it was vital to reproduce specimens that typify the 
conforming and non-conforming contacts seen in engineering applications. In this chapter 
three different types of surface geometry that typify real conforming and non-conforming 
geometries were characterised. Lapped and grit blasted surfaces covered the smooth and 
rough conforming geometries while the machined (fly-cut) specimens accounted for the 
non-conforming geometries. Both two-dimensional and three-dimensional 
characterisations of these surfaces were shown. It was shown that lapped and grit blasted 
surfaces are isotropic in nature with no discernable pattern. While the fly-cut samples 
tend to show a periodic pattern that dictates the surface geometry. It was also shown that 
it was reasonable to represent a machined surface based on two-dimensional
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characterisation as it captures the key geometric information. No literature studies are 
available that characterises the surface geometry of an actual engine component. In this 
chapter, two-dimensional and three-dimensional mapping of a Turbine casing used in the 
Trent 1000 Rolls-Royce engine was shown. The machined washers used in this study 
were shown to represent the surface geometry of the engine component.
To make valid conclusions about the various factors that affect heat transfer at the 
interface it is vital to develop a methodology that helps to generate reproducible results. 
As a result the methodology developed to calculate TCC that accounts for the varying 
thermal conductivity was validated. The uncertainty analysis shown in the earlier chapter 
was also validated in this chapter. It was shown that most of the spread in TCC values 
were within the uncertainty analysis performed.
There is very limited experimental data to understand the contact conductance of gas 
turbine materials. This chapter carries out a parametric study of three commonly used gas 
turbine materials, PE 16, 316SS and T1-6A1-4V alloys. Various parameters such as contact 
pressure, surface roughness, surface waviness, length-scale effects and the effects 
operational history on TCC were examined. Comparing TCC results of flat conforming 
surface geometries with results obtained from wavy non-conforming results has shown 
that waviness plays a primary role in TCC. Changing the frequency of the waviness also 
had an effect in TCC measurement. Specimens that displayed waviness with lower 
frequency exhibited lower TCC values. This was due to the fact that with lower 
frequency there is lesser number of peaks over a unit area in a specimen. This results in 
lowering the actual contact area even further and hence reduces the TCC values.
The study carried out to validate the hysteresis effect has revealed that the hysteresis 
effect is seen only after the first unloading. Further loading and unloading results in no 
measurable increase in TCC. It has also shown that the hysteresis effect for samples with 
conforming geometries was lower compared to samples with non-conforming geometries. 
This was the case for both PEI6 and 316SS samples. For T1-6A1-4V specimens, the 
conforming geometries showed no hysteresis effect for both low and high pressure test
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cases. This was due to the fact that the yield strength of the titanium alloy under study 
was about twice the values of the other two materials. Due to the high yield strength of 
the alloy, the contacting asperities are predicted to have deformed largely elastically. For 
the non-conforming test cases as the actual contact area are expected to be lower, the 
contacting asperities experiences higher stresses for the same contact pressure compared 
with the conforming geometry. As a result some asperities deform plastically, but the 
predominant deformation mode is expected to be elastic. Hence a small hysteresis effect 
was seen for the non-conforming contacts of Ti-6A1-4V specimens. Non- 
dimensionalising the test results for PE 16 and 316SS test cases also revealed a clear 
effect of material strength on the interfacial heat transfer. Similar to what has been 
observed previously reported by Woodland, et al. (2011).
Tests conducted on various surface geometries of Ti-6A1-4V alloys have shown that the 
microstructure of materials plays an important role in TCC. TCC tests on smooth and 
rough conforming tests on Ti-6A1-4V have shown that modifications need to be made to 
the current state-of-the-art TCC measurement methodology to incorporate the varying 
properties of the complex multiphase microstructures. More in depth analysis needs to be 
carried out to understand the effect of microstructure on TCC. Recommendations to 
further substantiate this are discussed in section 6.2.
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Chapter 5
Numerical Surface Modelling and Finite
Element Modelling of TCC for Machined
Surfaces
5.1. Introduction
It was shown in the previous chapter that the surface geometry of a gas turbine 
component has a surface morphology that is dominated mainly by waviness. It has also 
been shown that the traditional models do not account for geometries with such waviness. 
Those models that account for it simplify the waviness and do not accurately model the 
surface geometry. The description of machined wavy surfaces by statistical parameters 
such as RMS surface roughness and mean asperity slope do not give a good 
representation of the geometry. As a result an efficient algorithm known as Fast Fourier 
Transformation (FFT) that can compute Fourier analysis was used to define the key 
geometrical characteristics. This chapter also explains how to accurately model such 
wavy surfaces with the help of the two algorithms, FFT and IFFT.
This chapter also presents how the idealised surface model can be incorporated into a FE 
package to carry out the necessary analysis of non-linear thermo-mechanical contact
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problems. Three different non-conforming test cases that account for the vacuum state, as 
well as gap conductance were examined. The finite element models were then validated 
based on the experimental results obtained from the previous chapter. The chapter also 
summarises the strengths and weaknesses of the model for predicting the hysteresis effect 
on TCC for the various non-conforming interfaces.
5.2. Fourier analysis of the surface geometries 
under study
One of the major limitations for the prediction of TCC is the need for accurate modelling 
of the interface surface geometries that are in contact. As explained in section 2.2.2 and 
section 2.2.3 the modelling studies on surface roughness are well documented in the 
literature, but very little literature examines modelling the surface geometry introduced 
by different machining techniques. Literature studies generally assume the waviness to be 
hemispherical in nature and describe the geometry of the hemisphere just by a radius. 
This simplifies the geometry to an extent that it does not capture the important 
characteristics of the waviness. In this study a Fast Fourier Transformation (FFT) 
technique is used in order to produce a realistic simplified geometric model of the actual 
surface.
For isotropic surfaces, such as those manufactured by lapping, grit and shot blasting, tend 
not to contain any dominant frequencies. Figure 5.1 shows the frequency domain of the 
lapped washer shown in Figure 4.8. No dominating frequencies are observed from this 
plot. It shows that the distribution of the asperities is random and the energy for such 
surfaces is dominated by the larger wavelength components. The absence of a dominating 
frequency tends to make it harder to model using FFT and IFFT techniques. This holds 
true for all isotropic surfaces. The FFT of a grit blasted surface is shown in Figure 5.2. 
Again no dominating frequency is observed revealing random distribution of asperities. 
The amplitude of each frequency is higher than the amplitude observed for the lapped
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Figure 5.1 FFT of lapped washer shown in Figure 4.8
geometry. This is expected as the overall surface roughness value of the grit blasted 
surface is expected to be higher than the lapped surface.
Anisotropic surfaces, such as fly-cut surfaces, ground surfaces and surfaces turned by 
lathe, tend to show some repeatable patterns that could then be decomposed to its 
frequency components. The dominating frequency of such surfaces depends on the 
machining parameters, such as the machine feed rate, cutting tool geometry and cutting 
tool radius. In this study surfaces that were machined using fly-cutting techniques were 
used. The surfaces were fly-cut at 150 mm/min and 75 mm/min feed rate, at 600 rpm. 
This equates to 250 pm/rev and 125 pm/rev respectively. The decomposition of Figure 
4.1 and Figure 4.3 to a frequency domain is shown in Figure 5.3. Fourier analysis of the 
fly-cut surfaces tends to highlight the frequencies that dominate the surface profiles. The 
main peak obtained in the frequency domain represents the frequency at which the 
surface was fly-cut, in physical terms it represents the average distance between each 
peak. A secondary peak is observed at almost double the frequency value of the cutting
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Figure 5.2 FFT of grit blast washer shown in Figure 4.7
frequency. This is believed to represent the rectified sinusoidal shape of the surface 
profile. This secondary peak was observed for all fly-cut surfaces examined.
In the case of the surface fly-cut at 250 jim/rev, a third peak is seen which is thought to 
indicate the irregularities observed at the trough. The irregularity observed at the trough 
is to do with the faulty tool tip geometry, which wears out over a period of time. A new 
tool tip was used for the surface cut at 125 p.m/rev, hence no irregular undulations are 
observed at the troughs. The spike at the low frequency or high wavelength seen for the 
250 [xm/rev surface tends to show that the surface has a small out-of-form error 
introduced during machining. The amplitude of the dominating frequency could be 
approximately related to the feed per revolution and the tool tip geometry based on 
Equation 5.1
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Figure 5.3 FFT of fly-cut surfaces shown in Figure 4.1 and Figure 4.3
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Equation 5.1
Where A is the amplitude of the main frequency, Rjrc is the radius of the tool tip and /rev is 
the feed per revolutions at which the washers were cut. This equation is valid as long the 
cutting depth is less than the radius of the tool tip. The tool tip used in this project to cut 
the samples had a radius of 0.4 mm. As mentioned earlier the topography of the surface 
specimen must represent the surface topography of a typical engine component. 
Comparing the frequency spectra of the surface topography of the engine component and 
the specimens under study was regarded as the best way to analyse the similarity between 
the two. Figure 5.4 shows the FFT of the engine component. Similar kind of observations 
can be made compared to surface manufactured at 250 gm/rev. The only difference was 
on the precise amplitude of the pitch, which is influenced by the geometry of the cutting
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tool tip. This shows that the surface produced by fly-cutting represents the machined 
surfaces of turbine casings used in the gas turbine industry.
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Figure 5.4 FFT of engine component surface profile shown in Figure 4.5
5.3. Numerical modelling of surface geometry
This section examines the numerical modelling of wavy surfaces using Fourier analysis. 
In order to accurately model the surface geometry both FFT and IFFT techniques were 
used. Performing a FFT on the original signal will give the range of frequencies that the 
signal was composed of, as explained in the earlier section. As only the dominating 
signals are required to model the surface, this frequency spectrum was filtered to give 
only the main frequencies. Before re-modelling based on only the filtered frequencies, the 
filtered signal had to be scaled based on a scaling factor. This was because the energy 
contained within the original signal is the superposition of the amplitude of each 
individual frequency. After filtering, only the main frequencies were taken which meant
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the energy of the filtered signal would not be the same as the original signal. The scaling 
factor was obtained by finding the ratio between the energy of the original signal and the 
energy of the filtered signal. On scaling the filtered signal based on the scaling factor, the 
inverse FFT was performed to obtain the modelled surface. An example of the fly-cut 
surface, modelled using this Fourier method, is shown in Figure 5.5, where it is compared 
with the original profile. It can be seen that the modelled surface provides a good 
approximation of the real surface in terms of shape, pitch and amplitude. This was 
achieved by using three harmonics that corresponded to the medium length-scale 
characteristic of the surface. In this way only the waviness aspect was considered, both 
the roughness and any out-of-form were neglected.
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Figure 5.5 Comparison between a modelled surface and a real fly-cut surface
The modelling technique developed can be applied to any machined surfaces that display 
repeatable surface patterns. This is important in gas turbine applications as typical engine 
components are so often characterised by such dominating patterns. In the case of gas 
turbine application, as long as the machining parameters of the components under study 
are known, the surface topography of the component could be modelled accurately.
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5.4. Finite Element Methods
5.4.1. Introduction
As mentioned in earlier sections very limited modelling work has been carried out in 
understanding the heat transfer across non-conforming contacts. The ones available are 
not widely applicable to the field of turbmachinery. In this study, a finite element 
technique was used to perform thermo-mechanical modelling of heat transfer between 
machined interfaces. The Finite Element Method (FEM) is a numerical technique used to 
solve complex problems by finding approximate solutions to Partial Differential 
Equations (PDE) and their systems. The problem is usually solved using computational 
help. This methodology tends to split a complex structure into a discrete number of finite 
sub regions known as elements. These elements are solved in relation to each other based 
on a large set of equations that describes the behaviour of individual element.
The FEM can be applied either by coding a custom FE program or by using the numerous 
commercial software packages available (for example ANSYS, ABAQUS, NASTRAN 
etc.). Custom codes tend to be designed for specific types of applications but the user 
must be well versed in finite element theory. Commercial packages tend to have in-built 
libraries, including pre-defined elements that capture the physics of the engineering 
problem. Due to the extensive use of commercial codes in industry, any innovative 
modelling techniques developed using such codes can then be easily applied in that 
industry. The FE package used to perform the analysis in this thesis was ANSYS, 
although the method developed should be applicable to a wide range of FE programs.
In this research work both 2D and 3D finite element models were developed for the 
contact conductance study. To develop an accurate model to simulate the actual physics 
of the contact heat transfer the appropriate predefined elements from the ANSYS library
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have to be used. The following section gives a brief overview of the various boundary 
conditions and the element types used for both 2D and 3D simulations.
5.4.2. Finite modelling and element selection
As the aim of this modelling work was to predict contact heat transfer between machined 
interfaces, the experimental studies on non-conforming contacts were simulated using FE 
techniques. An initial 2D case study was carried out for contacts between a fly-cut 
surface and a flat lapped surface. The suitable solid element available for 2D coupled- 
fleld analysis was PLANE223 solid element. It is a 2D 8-node coupled field solid 
element with up to 4 degrees of freedom per node. The element has the capability of 
being used for structural-thermal, structural-diffusion, thermal-diffusion, combined 
structural-thermal-diffusion and many other applications [ (ANSYS, Section 3.8.1)]. 
Structurally this element has the capability to include elasticity, plasticity, large strain, 
and large deflection effects that are essential for the analysis performed. It also includes 
the thermal capabilities such as the thermal expansion and emissivity. Two different 
types of geometry are available with this element, a triangular shape with mid-side nodes 
and a quadrilateral with mid-side nodes, as shown in Figure 5.6.
Y
(w Qxiai)
^— ► X (or radial)
K. L O
Tfi Option
Figure 5.6 Plane 223 2-D coupled-field solid elements
It also has the capability of defining three different stress-state boundary conditions: 
plane stress, plane strain and axisymmetric stress-state conditions. The 2D models
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developed can assume either plane strain or plane stress conditions. The plane stress is 
defined to be a state of stress in which the normal and shear stresses perpendicular to x-y 
plane of the geometry are assumed to be zero. While the plane strain is the state of stress 
in which the normal and shear strains normal to the plane of the geometry are assumed to 
be zero. Using both of these stress-states for 2D geometry helps to bound the results 
between these two extreme cases.
To analyse the contact between machined wavy surfaces (fly-cut) 3D models were 
developed. A 3D 10-node coupled-field solid element SOLID227 was used for the 3D 
models. The tetrahedral solid element has structural-thermal, piezoresistive, 
electroelastic, structural-thermoelectric and many other capabilities (ANSYS, Section 
3.8.1). The element has up to five degrees of freedom per node and is shown 
schematically in Figure 5.7.
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Figure 5.7 SOLID227 3-D tetrahedral coupled-field solid element
For the 2D models, at the interface between the two surfaces a two-dimensional 3-node
surface-to-surface contact element was applied on one of the bodies to provide a
deformable contact surface. While a two-dimensional surface-to-surface target element
was applied to provide a deformable target surface on the other body. For the two-
dimensional analysis presented the CONTA 172 and TARGE 169 elements were used for
the contact and target surfaces respectively. While for the 3D analysis, a three-
dimensional 8-node surface-to-surface contact element was applied on one surface and a
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three-dimensional surface-to-surface target element was applied on the other surface to 
simulate the necessary deformable interface. CONTA 174 and TARGE 170 were used as 
contact and target element respectively for the three-dimensional analysis.
5.4.3. Finite Element Modelling and the 
necessary boundary conditions
In order to perform the thermo-mechanical analysis in FE, the idealised surface geometry 
model mentioned in section 5.3 was incorporated into ANSYS. For the fly-cut -  lapped 
case study a two-dimensional model was created. This work is a development of the 
model proposed by Woodland (2009). To perform the analysis, certain assumptions are 
made about the geometry. The lapped profile was considered to be a flat plane. This was 
justified by the fact that the roughness deviations were an order of magnitude smaller 
than the waviness patterns on the fly-cut surface. The waviness pattern of the geometry 
was considered to be periodic in nature and was represented as a single idealised peak. 
The two-dimensional model, after meshing, is shown in Figure 5.8
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Figure 5.8 Meshed detail of the interface region of the 2D modelled surface
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For the periodicity to be true, the periodic boundary conditions had to be applied on 
either side of the surface. In order to simulate the periodic boundary conditions, the 
displacements and temperature of the nodes on the either side of the model that had the 
same vertical co-ordinates were coupled together as shown in Figure 5.9
Figure 5.9 Coupling the displacements and temperature of nodes for the 2D model
The role of roughness on the overall heat transfer is taken into account by giving a local 
TCC value as a boundary condition. This in effect creates a macro model that accounts 
for the micro contact behaviour. As the experiments showed that the contact conductance 
is a function of pressure, the local TCC input was defined as a function of pressure. The 
value of the TCC chosen can be from experimental data or based on the conforming 
correlations developed in literature. For the purpose of this research study, the 
experimental results obtained for the conforming contact test case of the corresponding 
material was used as the TCC input. This can be justified as the fly-cut surfaces were 
initially lapped to have the same surface roughness as the conforming contacts.
To necessitate the required heat flux, thermal boundary conditions were applied on the 
free surface of either end of the geometry. Fixed temperatures of 61 ° C and 59° C were 
applied to the top and bottom of the models. To ensure a uniform temperature profile at 
the free ends of the model, both the surfaces were given a height of 500 pm. The contact
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pressures applied to the model were identical to what was used in the experiment. The 
model also took into account a realistic elastic-plastic deformation of the materials. This 
was simulated by incorporating the experimental compressive stress/strain data (see 
Figure 4.65) into ANSYS. Radiation and frictional effects at the contacts were ignored.
The other test case that was examined was when two-machined wavy surfaces came in 
contact with each other. Two different orientations were reported for this study. The first 
one was when the peaks were aligned parallel to each other such that all peaks were in 
contact to form a line contact. While the second orientation was when the waviness was 
aligned perpendicular to each other. Both the geometries were modelled similarly to the 
two-dimensional case. The two-dimensional idealised geometry developed using Fourier 
analysis was incorporated into ANSYS. This was then extruded to form a contact with 
unit thickness. Figure 5.10 and Figure 5.11 shows the meshed geometry of both the 
parallel and perpendicular-orientated models respectively. Similar boundary conditions to 
the two-dimensional model were assigned to these models. To simulate the necessary 
periodic boundary condition, nodes having the same vertical co-ordinates and on opposite 
sides of the four free areas (areas where no contact elements or temperature boundary 
conditions were defined) were coupled. In order to couple the nodes, the geometry was 
meshed so that it generated an equal number of nodes on both ends. For this a mesh only 
element (MESH200) was used to mesh the one side. This mesh was then duplicated to the 
opposite side to create similar nodes. MESH200 is a “mesh-only” element contributing 
nothing to the solution and can be deleted once duplicating the meshing is completed. 
The APDL code written to couple the nodes is shown in Appendix A. A mesh sensitivity 
study was carried out in order to determine appropriate element spacing for all the 
models. This was carried out by comparing the temperature results either side of the 
interface for various element spacing.
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Figure 5.10 3D meshing of the machined model aligned parallel to each other
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Figure 5.11 3D meshing of the machined model aligned perpendicular to each other
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5.4.4. The modelling of gap conductance
Almost all the major theoretical models assume that the major mode of heat transfer 
across a contacting interface is the contact conductance. This is mainly because of the 
fact that the thermal conductivity of the contacting material is an order of magnitude 
higher than the thermal conductivity of the interstitial medium, which is usually air in gas 
turbine application. As a result the main mode of heat transfer is the spot conductance. 
This is largely true for conforming contacts. But in the case of non-conforming contacts 
the actual contact area is lower compared to conforming contacts. As a result larger 
percentages of gaps are present at the interface. So the effect of gap conductance is 
expected to be higher for non-conforming contacts, hence it should not be neglected. In 
this work, models were simulated for vacuum condition and with air as the interstitial 
material. The heat transfer coefficient of the gas gap can be represented as shown by 
Equation 5.2
^  Equation 5.2
Where kg is the thermal conductivity of the gas and (  is the contact gap. But this does not 
take into account the inefficiency in the energy transfer between the gas molecules and 
the solid surfaces during a single collision. Kennard (1938) takes this effect into account 
by considering a term known as temperature jump (g), which is represented by Equation 
5.3
Where a  is the accommodation coefficient, y  is the ratio of specific heats, is the 
viscosity, 2 is the mean free path of gas molecules and Cv is the specific heat at constant
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volume. This is true only for a single gas but for a mixture of gas such as air, Vickerman 
& Harris (1975) modified the temperature jump as shown by Equation 5.4
Xi9iI M\
d m  ~  X
0.5
Z Equation 5.4
Where Xj is the mass fraction of constituent gas /, Mj is the molecular mass of constituent 
gas I  and gi is the temperature jump distance of constituent gas I  obtained from Equation 
5.3. Song & Yovanovich (1987) developed a correlation for the accommodation 
coefficient that could be applied to diatomic/polyatomic gases. The correlation developed 
is shown by Equation 5.5. The accommodation coefficient characterises the extent of gas- 
surface energy exchange.
a = exp (Co T) Equation 5.5
Where Co is a dimensionless constant equal to -0.57, Mg is the molecular mass of gas, Cj 
is equal to 6.8 and has units of Mg, ip is the ratio of Mg to Ms (molecular mass of solid) 
and T is shown by Equation 5.6
T = —— — Equation 5.6
To
Where Ts is the temperature of the surface in K and To is equal to 273K. Taking into 
account the temperature jump distance the heat transfer coefficient across the gap can be 
modified as shown in Equation 5.7
h =  —&—  Equation 5.7
^  +  d m
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For convenience Madhusudana (1996) identified regimes of gas gap conductance based 
on Knudsen number (A ^) that was defined as shown in Equation 5.8.
^  Equation 5.8
The regimes of gas gap conductance was as follows:
• Equation 5.7 was applicable when 0.01< Nxn < 10
• Equation 5.2 was applicable when Nku>10
• hg was equal to zero when < 0.01
In order to simulate gap conductance, the contact gap for each load needed to be 
calculated. For this, an initial solution was carried out that predicts the behaviour without 
any gap conductance. Before moving on to the next load step, the contact gap for each 
element was calculated. A convection load was then applied on each near field elements 
(elements not in contact) as shown by Equation 5.7 or Equation 5.2 depending on the 
value of the Knudsen number. The model was then re-solved with the new convection 
load at the interface. The contact conductance value obtained for the resolved load step 
was considered as the overall conductance value for that contact pressure. This was 
repeated for each load step. An APDL code was written to calculate the gap length for 
each near field element at each load step that was then used to calculate the convection 
load at the interface. This code is shown in Appendix B.
5.5. Modelling Result
The various experimental test results carried out on machined surfaces have shown that
the waviness aspect of surface geometry plays a major role in contact heat conductance.
This section shows the modelling work carried out on machined surfaces. The geometries
that were under study were mentioned in section 4.2. The current study examined
modelling two different materials, PE 16 nickel alloy and 316 stainless steel. As
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mentioned earlier, in order to accurately predict the effect of waviness on heat 
conductance, the model should account for the micro effects on TCC. For this a local 
pressure dependent TCC value was input at the contact. For all the cases shown, the local 
TCC data was obtained from the experimental TCC result of the conforming geometry 
test cases shown previously. The input for PE 16 and 316SS model is shown in Figure 
5.12. The data for higher pressures was, extrapolated linearly beyond the experimental 
test range. The extrapolation at highest pressure could lead to some uncertainty, but the 
simple linear dependence seems justified by the consensus modelling approach, see 
Woodland, et al. (2011). Due to the uncertainty in the TCC measurements of Ti-6A1-4V 
smooth conforming test case, the experimental data could not be used as an input data for 
the FE model. As the traditional theoretical conforming models were not accurately 
validated with the experimental results of the smooth conforming Ti-6A1-4V test case, it 
was difficult to determine the local TCC input for the macro FE model. As a result no 
titanium modelling results are shown in this chapter. This in effect suggests that in order 
to carry out non-conforming modelling of materials with complex microstructures like 
Ti-6A1-4V, better understanding of the conforming geometry results are required.
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Figure 5.12 Local TCC input for FEA model, obtained from experimental results
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5.5.1. Two-dimensional modelling of fly-cut -  
lapped contact
A two-dimensional model, which represents the periodic nature of the machined surface, 
was modelled in ANSYS. The initial work was carried out under vacuum condition. The 
temperature data obtained nearer to the free end, along the line that passes through the 
initial point of contact was then extrapolated to get the interface temperatures. This was 
then used to calculate the overall TCC based on Equation 1.3. This is shown in more 
detail in Figure 5.13, which also shows the constriction of heat flow at the point of 
contact.
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Figure 5.13 Vector plot showing the constriction of heat flow and also showing the
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The results of the simulation were compared with the experimental results and are shown 
in Figure 5.14. Results obtained under both plane stress and plane strain boundary 
conditions show that the FE models’ results give reasonable agreement with the 
experimental values. During first loading, the plane stress and plane strain models under 
predict the experimental data by about 2% and 11% respectively. While at the highest 
pressures the plane stress and the plane strain models under-predict the experimental 
TCC values by 6% and 27% respectively. Although both the models predict the first 
realisation reasonably, it fails to capture the unloading behaviour accurately. Both the 
models show a small hysteresis effect, which shows that the plastic deformation of the 
asperities was captured to an extent.
Figure 5.15 shows the FE model for 316SS fly-lapped washers under vacuum condition. 
Similar observations can be made from the results. Both the plane stress and plane strain 
models under predict the experimental results for the first loading case. This is somewhat 
expected as the gap conductance is expected to play a minor, but measurable, role in the 
heat transfer in the experiment. A small hysteresis effect can be observed for both the 
boundary conditions, thereby indicating that the asperities deform plastically. The 
maximum von Mises contact stresses, strain and the contact zone size at the highest 
pressure for the two materials has been shown in Table 5.1. The results show that the 
PE 16 specimen tends to deform more thereby increasing the real contact area. This 
results in lower contact stresses as it is spread over a larger contact area. The apparent 
contact length represents the width of one sinusoidal peak.
Table 5.1 Comparison of the 2D models for the two materials under study
Material Von misses stress 
(MPa)
Total mechanical 
strain
Real contact 
length (pm)
Apparent contact 
length (pm)
PE16 600 0.08 67 232
316SS 828 0.11 49 245
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Figure 5.14 FEA modelling of PE16 fly-cut -  lapped geometry under vacuum 
conditions for both plane stress and plane strain boundary conditions
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Figure 5.15 FEA modelling of 316SS fly-cut -  lapped geometry under vacuum 
conditions for both plane stress and plane strain boundary conditions
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Figure 5.16 FEA modelling of PE16 fly-cut -  lapped geometry with gas gap 
conductance under plane stress and plane strain condition
Figure 5.16 shows the comparison between the experimental and the FEA results of PE 16 
specimen when the model takes into account the effect of gap conductance. The gap 
conductance was modelled based on the methodology mentioned in section 5.4.4. The 
interstitial material in this model is air. Both the plane strain and plane stress models give 
a reasonably accurate result compared to the experimental data. Importantly the model 
captures the unloading effect to a better extent.
Similar observations can be made for the test case carried out on 316SS washers. Figure 
5.17 shows the comparison between the experimental and the FEA results of 316SS 
specimen when the model takes into account the effect of gap conductance. The gap 
conductance model captures the unloading behaviour more accurately when compared to 
the vacuum model. As an asperity deforms the contact area increases, which will lead to 
more near field elements very close to the surface. The gaps between these near field 
elements are small enough to play a role in gap conductance. There are more near field 
elements closer to the interface during unloading than on loading. As a result the gap
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conductance caused by these near field elements when summed together gives rise to the 
bigger difference in TCC between loading and unloading for the gap conductance model.
-àr- Exp FC-lapp L 
■  Model Air L (plane stress) 
X Model Air L (plane strain)
-7$j- Exp FC-lapp UL 
□  Model Air UL (plane stress) 
+  Model Air UL (plane strain)
20000
18000 -
16000 - 
C  14000 - 
t  12000 -
p  8000 -
6000 -
4000 -
2000 -
80 100 12020 40 60 140 160 1800
Pressure (MPa)
Figure 5.17 FEA modelling of 316SS fly-cut - lapped geometry with gas gap 
conductance under plane stress and plane strain condition
5.5.2. Three-dimensional modelling of the 
interface between wavy surfaces
In order to replicate the contaet between actual engine components, it was decided to 
look at the modelling of contact between two machined wavy surfaces. The test cases 
were carried out for two different orientations: peaks aligned parallel to each other and 
perpendicular to each other. These two test cases would cover the extreme geometries 
that could occur in actual application. The three-dimensional model was developed based 
on the methodology explained earlier. For the model with the machining peaks aligned 
perpendicular to each other, eonstriction of heat flow occurs so that most of the heat 
transfers through the point contact as shown in Figure 5.18
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Figure 5.18 Vector plot showing the constriction of heat flow for the fly-cut 
specimens contacting perpendicular to each other
Figure 5.19 shows the comparison between the experimental and modelling results of 
PE 16 specimens when the washers were aligned perpendicular to each other. The plot 
shows the results for both the vacuum model and the model that accounts for gap 
conductance. The model that accounts for the gas gap conductance gives a better 
comparison with the experimental results. The technique developed also captures the 
hysteresis effect reasonably accurately. This again can be attributed to the role played by 
the heat transfer through the near field elements.
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Figure 5.19 Comparison of modelled and experimental results for fly-cut PE16 
specimens contacting in perpendicular orientation
Figure 5.20 shows the eomparison between experimental and modelling results of 316SS 
speeimens when the fly-cut washers were aligned perpendicular to each other. Both the 
vacuum and the gap conductance model under predict the experimental results. Similar to 
the previous models the hysteresis behaviour was better captured by the gap conductance 
model. This gives a reasonable confidence in the assumption that gas gap plays a minor, 
but measurable role, in accurately modelling the TCC of wavy surfaces. It also indicates 
that to model TCC of non-conforming geometries, gap conductance needs to be taken 
into account.
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Figure 5.20 Comparison of modelled and experimental results for fly-cut 316SS 
specimens contacting in perpendicular orientation
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Figure 5.21 Vector plot showing the constriction of heat flow for the fly-cut 
specimens contacting parallel to each other
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To bind the TCC results between the two extreme geometries, the fly-out interfaces, with 
the peaks arranged parallel to each other were modelled. For the contact where the peaks 
were aligned parallel to each other, the main heat transfer occurs through the line contact 
formed as shown in Figure 5.21.
As can be seen from this figure the heat flows mainly through the interface and through 
the area close to the interface where the gaps of the near field elements are small. The 
non-contact area further away from the contact region has negligible effect on the overall 
heat transfer. The comparison of the modelling and experimental result of PE 16 samples 
is shown in Figure 5.22. The modelling results give a reasonably accurate prediction of 
the experimental results. The observations made for the parallel results are similar to the 
previous PE 16 result where the washers were arranged perpendicular to each other.
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Figure 5.22 Comparison of modelled and experimental results for fly-cut FE16 
specimens contacting in parallel orientation
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Figure 5.23 shows the modelling result of 316SS washers in parallel alignment. Similar 
to the earlier result of the perpendicularly aligned 316SS washers, the model under 
predicts the experimental data. But as observed for all the previous modelling cases, the 
FE model captured the gradient of change of TCC with pressure. This tends to show that 
the rate of change in contact area with load was correctly predicted. It is also important to 
note that the overall TCC results are influenced by the local contact conductance. So a 
small error at the local heat transfer boundary condition could extrapolate while 
calculating the overall TCC. The uncertainty in the extrapolation of the local TCC value 
to higher pressures could also have resulted in this under prediction. Nevertheless both 
the two-dimensional and three-dimensional test cases seem to give a reasonably accurate 
prediction of TCC.
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Figure 5.23 Comparison of modelled and experimental results for fly-cut 316SS 
specimens contacting in parallel orientation
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5.6. Concluding Remarks
This chapter has shown that the Fourier analysis of isotropic and anisotropic surfaces can 
reveal characteristics of the surface geometries that are not usually revealed by the 
traditional characterisation teehniques. Performing FFT on the machined surfaees with 
repeatable lay revealed that the main constituent of the surface geometry is composed of 
more than one frequency. By just using the main frequency, that defines the surface 
waviness, an idealised geometry of the original profile can be accurately modelled. The 
study has shown that the numerical modelling technique used in this work. Fast Fourier 
Transforms, is a convenient tool to accurately model machining induced surfaee 
geometries. The frequencies and amplitude of the machined deviations were related to the 
manufacturing process. So in essence by knowing the manufacturing parameters, an 
idealised geometry of the surface can be modelled.
Using the numerically modelled surface, a finite element model was ereated for a single 
periodie asperity to simulate steady-state contact heat transfer with a primary purpose of 
predicting the contact conductance at the interface of non-conforming joints. Both two 
dimensional and three-dimensional models were developed to simulate the variety of 
possible non-conforming contacts. Comparison between vacuum models and models 
incorporating gap conductance has shown that gap conductance plays a measurable role 
in TCC of machined surfaces. The models with gap conductance gave a reasonably 
accurate TCC prediction. The modelling approach presented here has some advantages 
over other approaches when estimates of TCC are required for interfaces with a 
contribution from surface waviness. In particular this method offers the possibility of 
estimating the effect of machined geometry on TCC for mating gas turbine components. 
Based on the FE model developed, the correlation of TCC for varying machined surfaces 
of various gas turbine material obtained will be used by Rolls-Royce for the design 
purposes in their ID engine model.
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Chapter 6
Conclusion and Recommendations
6.1. Conclusions
Thermal contact conductance of gas turbine materials was studied both experimentally 
and using finite element modelling techniques. A critical review carried out on previous 
experimental and theoretical studies has shown that the development of a general 
predictive model of TCC is very difficult. The current state of the art work used to prediet 
TCC does not account for the various length-scale effects of surface topography. A vast 
amount of work is available for predicting TCC that accounts for only the large frequency 
component (i.e. roughness) of the surface topography. There exists a weakness in the 
literature for predicting TCC of components with a dominant medium wavelength surface 
topography.
An instrumented split-tube technique with in-line washers with multiple interfaces was 
used to study the effect of various length-scales of surface topography on TCC of gas 
turbine materials. In order to accurately predict TCC, a data processing teehnique was 
developed that accounts for the varying thermal conduetivity across the entire assembly. 
This was shown to improve the accuracy of the TCC results. An uncertainty analysis on 
the experimental set-up was also carried out that takes into account parameters such as 
the thermocouple accuracy and the accuracy of the thermal conductivity value chosen.
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As the focus of this study is to understand TCC in gas turbine applications, it is vital to 
have an idea about the typieal surface topographies seen on gas turbine components. 
There are no previous data available that give an account for a typical surface geometry 
of a gas turbine component. This study has examined a turbine casing from one of the 
latest Trent series engines supplied by Rolls-Royee. The topography of such surfaces has 
been shown to be dominated by a repeatable lay of certain frequency. The technique to 
manufacture the samples, fly cutting, has shown to introduce the repeatable lay so often 
characterises a real engine eomponent.
Three different types of material were examined for this research work: PE 16 nickel 
alloy, 316SS and T1-6A1-4V titanium alloy. Various mechanical parameters such as 
contact pressure, material strength and operational history were examined. Work also 
concentrated on understanding the geometrical effect on TCC by considering conforming 
surfaces and the non-conforming surfaces, thereby accounting for the different length- 
scales of surface topographies. The shortcomings in the literature were dealt with by 
accounting for different length-scales of surface topographies.
The experimental results showed reasonably good repeatability and the conforming 
results generally agree qualitatively with the literature studies. The eontact pressure study 
revealed a common trend for all the metals under study, where TCC inereases with 
pressure. The comparison between the low pressure test case and the high pressure test 
case showed that the predominant mode of deformation of the asperities at the lower 
pressures were elastic while for the higher pressure test case the predominant mode of 
deformation was plastic.
The surface roughness effects on TCC were studied for the three different materials by 
comparing results between lapped smooth surface and grit blasted rough surfaces. There 
was a signifieant decrease in TCC between the two geometries for all three surfaces, 
agreeing well with the results obtained in previous literature studies.
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Interestingly the test results for the smooth T1-6A1-4V, both low pressure and high 
pressure test case, revealed an unusually large TCC values even though the thermal 
conduetivity of the sample was lower than the other two materials. This was related to the 
complex microstructure of the Ti-6A1-4V specimen. This alloy is composed of a  phase 
and Widmanstatten structure of alpha laths in a ^  matrix. Both these constituents have 
completely different mechanical and thermal properties. This type of mierostructure was 
unique compared to the other two materials under study. Due to the difference in the 
properties the heat conductance will not be a function of the bulk thermal conductivity 
that was chosen for calculation. It will vary between the thermal conduetivity of the a 
phase or a + p  constituent, which is not taken into aecount during TCC calculations. The 
two eonstituents also show very different micro-hardness values. As a result the 
deformation rate of the asperities will depend on the percentage spread of the two 
constituents across the surface. This conclusion was given further strength by the non- 
dimensional result of the smooth and rough geometry tests for the three different 
materials. Grit blasting the Ti-6A1-4V surface tends to erode the smoother a + ^  
eonstituent. Hence increasing the likelihood of contacts happening between the harder a 
phases whose thermal conduetivity was similar to the bulk thermal conductivity. Non- 
dimensionalising the test data showed that the rougher titanium result tends to collapse 
within acceptable limits with the other data.
The effect of material strength on TCC was carried out by comparing the various TCC 
results of PE 16 and 3I6SS specimens. The TCC values for both the samples were non- 
dimensionalised so that the effect of the thermal eonductivity was not taken into account. 
The results revealed a clear effect, where the softer material (PE 16) tends to have a 
higher TCC compared to the harder specimen (3I6SS). This is as expeeted.
It was also important to understand any operational history effect on TCC. Jet engine 
components are usually exposed to high loads over a period of time, as a result any 
prediction of TCC should account for this effect. The three materials under study for the 
different surface topographies were exposed to high and low contact loads for a numerous 
number of cycles. It was found out that there exists a clear hysteresis effect after the first
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unloading, which agrees with the findings from literature studies. It was also found out on 
further cycling there is no measurable increase in TCC eontradictory to the findings from 
other studies. The operational effect observed at higher cyeles in the literature study has 
been related to the uncertainty of the results.
The parametric study of TCC on various gas turbine materials has added volume to the 
knowledge on the understanding of the importance of TCC for gas turbine applieations.
Conclusions from numerical FE and modelling of 
machined surfaces
The traditional statistical methods to characterise surfaee topography do not eapture the 
key geometrical information. In this project Fourier analysis was shown to give an in- 
depth understanding of the surface topographies. An efficient algorithm known as FFT 
was used to perform the Fourier analysis. It was shown that breaking down an isotropic 
surface to its frequency domain reveals characteristie frequencies that tend to be random 
in nature. As a result no dominating pattern can be deducted from sueh a surface. While 
for an anisotropic surface, such as a fly-cut surface, a clear pattern is visible. 
Decomposing such topographies have shown to contain more than one dominant 
harmonic. These harmonics were related to the manufacturing parameters, such as feed 
per revolution at which the surface was eut, tool tip geometry and the cutting tool radius. 
Comparing the real engine component with the fly-cut specimens revealed very similar 
harmonics differing only in the amplitude of the dominating harmonic. The frequencies 
of the main harmonic was shown to be equal to the feed per revolutions, while the 
amplitude of the main harmonic was approximately related to the radius of the tool tip 
and the frequency per revolutions as shown in Equation 5.1. In conelusion Fourier 
analysis has been shown as a vital technique to distinguish the dominating patterns of any 
machined surfaces. With the help of FFT and IFFT algorithms it was shown that any 
machined surfaces with dominating surface topographical patterns could be aceurately
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modelled. This is critical for gas turbine applications as typical engine components 
displays such dominating surface topographies introduced by machining.
Using the idealised surface topography model, the contact problem for surfaees 
applicable to turbmomachinery applications was tackled using finite element techniques. 
Two-dimensional and three dimensional models were developed to predict the thermo­
mechanical contact behaviour. The models developed incorporated both vacuum 
conditions and gas gap conductance. On comparison with experimental results, the FE 
models were shown to give reasonable prediction of the eontact behaviours. It was also 
shown that gap conductance plays a minor, but measurable role in heat eonductance. For 
accurate prediction of TCC results taking into account the loading and unloading 
hysteresis effect, gap conductance needs to be considered.
6.2. Recommendations for future work
• One of the main findings from this work was the complexity of understanding the 
TCC of titanium alloys with multiphase mierostructure. One of the possible 
reasons for the large uncertainty in determining TCC for such a specimen was 
related to its complex mierostructure. Prior to this study no work has been carried 
out to understand the effect of mierostructure on TCC. It is recommended that 
further experimental work needs to done on materials with similar complex 
microstructures as the titanium alloy reported in this work.
• The traditional theoretical models failed to predict the TCC behaviour of smooth 
conforming contacts of Ti-6A1-4V specimens. This was related to the fact that the 
Vickers hardness coefficients obtained were those of the bulk material. The 
contact is expected to happen between a mixture of the a phase and a + P 
eonstituents. The mechanical properties are shown to be drastically different 
between the two-phases. One of the possible ways to obtain the Vickers hardness 
and Vickers hardness coefficients of these two phases is by performing heat 
treatment and then measuring the necessary parameters. Heat treating the Ti-6A1-
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4V alloy to a temperature either above or below its transition temperature and 
then cooling at specific rates could lead to the alloy having only a single 
constituent, either the a  phase or a  +  /? constituent. Measuring the Vickers 
hardness of alloys with such specific mierostructure could give an accurate value 
of the mechanical properties. These values can then be used to non- 
dimensionalise the experimental results to validate the theoretical models.
It was also revealed that the experimental methodology used for this study cannot 
accurately calculate the TCC of alloys that contain multi-phase microstructures 
that has different thermal properties. Better understanding of the thermal 
properties of each constituent of the Ti-6A1-4V alloy is necessary. This could be 
earried based on the procedure mentioned previously. Using the correct thermal 
properties, the methodology should be modified to aceommodate sueh complex 
behaviours of materials. It should then be validated.
On better understanding of the various factors affecting TCC of multi-phased 
alloys, it is recommended to validate the FE methodology developed in this 
project.
One of the major shortcomings of the FE methodology developed in this work 
was the need to have a value for local TCC to predict the overall macro TCC. The 
experimental results are not easily available for every material. The theoretieal 
correlations require the knowledge of Viekers hardness coefficients, which are 
also very hard to obtain for all the materials. As a result the FE methodology 
could be modified so that the dependenee on the input local TCC value may not 
be that high. One of the possible ways to carry this out would be to conduet a 
coupled solution, something similar to the one proposed by (Thompson, 2008). 
The model developed here could be coupled with another micro model that 
predicts TCC of surfaces dominated by surface roughness. The result from the 
miero model could be used as the local TCC input for the macro model. This 
could be put in a loop so that both the model iterates until it reaches some 
convergence criteria.
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Appendix A
3D Periodic boundary condition APDL
code
/prep?
asel,s,area„4
nsla,s,l
*get,ncount,node„count
ndnum=0
*do,i,l,ncount
ndnum=ndnext(ndnum)
xcord=nx(ndnum)
ycord=ny(ndnum)
zcord=nz(ndnum)
xoppcord=xcord+0.000232
nsel,r,loc,y,ycord
nsel,r,loc,z,zcord
nsel,a,loc,x,xoppcord
nsel,r,loc,y,ycord
nsel,r,loc,z,zcord
cp,next,all,all 
aseLall
nsla,s,l
!0.00232 is the width of the block
185
asel,s,area„4
nsla,s,l
*enddo
asel,all
nsla,s,l
asel,s,area„8
nsla,s,l
*get,ncount,node„count
ndnum=0
*do,i,l,ncount 
ndnum=ndnext(ndnum) 
xcord=nx(ndnum) 
ycord=ny(ndnum) 
zcord=nz(ndnum) 
Zoppcord=zcord-0.000232 
nsel,r,loc,y,ycord 
nsel,r,loc,x,xcord 
nsel,a,loc,z,zoppcord 
nsel,r,loc,y,ycord 
nsel,r,loc,x,xcord 
cp,next,all,all 
asel,all 
nsla,s,l 
asel,s,area„8 
nsla,s,l 
*enddo
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aseLall
nsla,s,l
asel,s,area„3
nsla,s,l
lseLs,line„9
lsel,a,line„10
lseLa,line„ll
lsel,a,line„12
nsll,u,l
*get,ncount,node„count
ndnum=0
*do,i,l,ncount
seltol,0.00000001
ndnum=ndnext(ndnum)
xcord=nx(ndnum)
ycord=ny(ndnum)
zcord=nz(ndnum)
Zoppcord=zcord-0.000232
nsel,r,loc,y,ycord
nsel,r,loc,x,xcord
nseLa,loc,z,zoppcord
nseLr,loc,y,ycord
nseLr,loc,x,xcord
cp,next,alLall
aseLall
nsla,s,l
asel,s,area„3
nsla,s,l
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lsel,s,line„9
lsel,a,line„10
lsel,a,line„ll
lsel,a,line„12
nsll,u,l
*enddo
lsel,all
aseLall
nsla,s,l
asel,s,area„9
nsla,s,l
lseLs,line„4
lseLa,line„22
lseLa,line„17
lseLa,line„21
nsll,u,l
* get,ncount,node„count 
ndnum=0
*do,i,l,ncount
seltoLO.OOOOOOOl
ndnum=ndnext(ndnum)
xcord=nx(ndnum)
ycord=ny(ndnum)
zcord=nz(ndnum)
xoppcord=xcord+0.000232
nseLr,loc,y,ycord
nseLr,loc,x,xcord
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nsel,a,loc,x,xoppcord 
nsel,r,loc,y,ycord 
nsel,r,loc,z,zcord 
cp,next,all,all 
asel,all 
nsla,s,l 
asel,s,area„9 
nsla,s,l 
lsel,s,line„4 
lsel,a,line„22 
lsel,a,line„17 
lsel,a,line„21 
nsll,u,l 
*enddo
lsel,all
aseLall
nsla,s,l
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Appendix B
Gas gap conductance APDL code
/solU
AUTOTS,on 
OUTRES,a l l ,ALL 
SFEDELE,ALL,1,ALL 
ALLSEL,ALL 
ESEL,S,ENAME„174
NSLE,S,ALL
*GET,EcCOUNT,ELEM„COUNT 
*GET,NcCOUNT,NODE„COUNT 
*DIM,EGAP, ARRA Y,EcC0UNT,4,10 
*DIM,EHTC, ARRAY,EcC0UNT,4,10 
*DIM,TcDATA,ARRAY,NcCOUNT, 10 
! *DIM,ETEMPc,ARRAY,NcC0UNT,3,10 
*DIM,ETEMPc, ARRAY,EcCOUNT, 10 
*DIM,EcDATA, ARRAY,EcC0UNT,3,10 
*DIM,NcDATA,ARRAY,NcCOUNT,3,10 
*DIM,PRESSTAB„9,1 
*DIM,DT, ARRA Y,EcCOUNT+1,10
ALLSEL,ALL
ESEL,S,ENAME„170
NSLE,ALL
*GET,NtCOUNT,NODE„COUNT
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*GET,EtCOUNT,ELEM„COUNT 
*DIM,TtDATA,ARRAY,NtCOUNT,10 
*DIM,ETEMPt, ARRAY,EtCOUNT, 10 
*DIM,EtDATA, ARRA Y,EtC0UNT,3,10 
*DIM,NtDATA,ARRAY,NtCOUNT,3,10
G=2.64E-07
* VFILL,PRESSTAB,DATA,33160000,66310000,99470000,132600000,165800000,132 
600000,99470000,66310000,33160000 
*D0,Z,1,9 
ALLSEL,ALL 
DELTIM,0.1,0.00001,0.1 
SFA,7„PRESS,PRESSTAB(Z)
SOLVE
ALLSEL,ALL
ESEL,S,ENAME„174
NSLE,S,ALL
A=0
ENXT=0
*DO,I,l,EcCOUNT
A=A+1
ENXT=ELNEXT(ENXT) 
m o , J, 1,4
*GET,EPENE,ELEM,ENXT,NMISC,J+8
*IF,EPENE,GE,0,THEN
EGAP(I,J,Z)=0
EHTC(I,J,Z)=0
*ELSE
EPEN=ABS(EPENE)
NKN=0.00000007/EPEN
*IF,NKN,GE,0.01,THEN
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EGAP(I,J,Z)=EPEN
EHTC(I,J,Z)=0.03/(EGAP(I,J,Z)+G+G)
*ELSE
EGAP(I,J,Z)=EPEN
EHTC(I,J,Z)=0
*ENDIF
*ENDIF
*ENDDO
*IF,A,EQ,1,THEN IFollowing calc in this loop needs to be done only once for one 
load-cycle.
ENXT2=0
*DO,K,l,EcCOUNT
ENXT2=ELNEXT(ENXT2)
*GET,EcDATA(K, 1 ,Z),ELEM,ENXT2,CENT,X 
*GET,EcDATA(K,2,Z),ELEM,ENXT2,CENT,Y 
*GET,EcDATA(K,3,Z),ELEM,ENXT2,CENT,Z 
*ENDDO
NDNXT=0
*DO,K,l,NcCOUNT
NDNXT=NDNEXT(NDNXT)
*GET,NcDATA(K, 1 ,Z),NODE,NDNXT,LOG,X 
*GET,NcDATA(K,2,Z),N0DE,NDNXT,L0C,Y 
*GET,NcDATA(K,3,Z),N0DE,NDNXT,L0C,Z 
*ENDDO
NDNXT=0
*DO,K,l,NcCOUNT
NDNXT=NDNEXT(NDNXT)
*GET,TcDATA(K,Z),NODE,NDNXT,TEMP
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*ENDDO
NSEL,ALL
ESEL,S,ENAME„170
n s l e ,s ,a l l
ENXT2=0
*DO,K,l,EtCOUNT
ENXT2=ELNEXT(ENXT2)
*GET,EtDATA(K, 1 ,Z),ELEM,ENXT2,CENT,X 
*GET,EtDATA(K,2,Z),ELEM,ENXT2,CENT,Y 
*GET,EtDATA(K,3,Z),ELEM,ENXT2,CENT,Z 
*ENDDO
NDNXT=0
*DO,K,l,NtCOUNT
NDNXT=NDNEXT(NDNXT)
*GET,NtDATA(K, 1 ,Z),NODE,NDNXT,LOG,X 
*GET,NtDATA(K,2,Z),N0DE,NDNXT,L0G,Y 
*GET,NtDATA(K,3,Z),N0DE,NDNXT,L0G,Z 
*ENDDO
NDNXT=0
NDNXT=NDNEXT(NDNXT)
*VGET,TtDATA(l,Z),NODE,NDNXT,TEMP
*MOPER,ETEMPc(l ,Z),EcDATA(l, 1 ,Z),MAP,TcDATA(l ,Z),NcDATA(l, 1 ,Z),3 
*ENDIF 
ALLSEL,ALL
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ESEL,S,ENAME„174
NSLE,S,ALL
SFE,ENXT, 1 ,CONV„EHTC(1,1 ,Z),EHTC(I,2,Z),EHTC(I,3,Z),EHTC(I,4,Z) 
SFE,ENXT, 1 ,C0NV,2,ETEMPc(I,Z)
*ENDDO
ALLSEL,ALL
DELTIM,0.1,0.00001,0.1
SFA,7„PRESS,PRESSTAB(Z)
SOLVE
*ENDDO
194
Appendix C
Pictorial representation of split-tube
experiment
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Figure 8.1 Engineering drawing of the steel head with dimensions
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